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Ecology of Calanus sinicus (Copepoda, Calanoida) in 
Coastal Oceans of Southern China 
b y 
L e e K a L u n 
Abstract 
C o p e p o d a , w i t h o v e r 7 , 5 0 0 d e s c r i b e d species, are t h e largest class o f s m a l l 
c r u s t a c e a n s . Calanus sinicus is a d o m i n a n t c o p e p o d in t h e Y e l l o w S e a , t h e E a s t 
C h i n a S e a a n d t h e S e a o f J a p a n . A m a j o r o b j e c t i v e o f this thesis is to e x a m i n e the 
s e a s o n a l o c c u r r e n c e o f C. sinicus in coastal o c e a n s o f s o u t h e r n C h i n a . S a m p l e s w e r e 
c o l l e c t e d at s e v e n s a m p l i n g stations in coastal w a t e r o f f n o r t h e r n T a i w a n f r o m 
N o v e m b e r 2 0 0 0 to M a r c h 2 0 0 2 . O u t s i d e P o r t Shelter, H o n g K o n g , s a m p l e s w e r e 
collected at five s a m p l i n g stations f r o m F e b r u a r y 2 0 0 1 to A p r i l 2 0 0 2 . P o p u l a t i o n 
d e n s i t y o f C. sinicus w a s a l w a y s h i g h e r in T a i w a n t h a n in H o n g K o n g . In T a i w a n , 
n u m b e r s o c c u r r e d t h r o u g h o u t t h e y e a r a n d w e r e s e a s o n a l l y a b u n d a n t . T h e y w e r e 
m o s t c o m m o n in w i n t e r m o n t h s . In H o n g K o n g , a single p e a k in a b u n d a n c e 
o c c u r r e d in M a r c h , 2 0 0 1 . S e x ratio a m o n g adults v a r i e d s e a s o n a l l y in T a i w a n . 
T h e r e w e r e u s u a l l y m o r e f e m a l e s t h a n m a l e s . I n general，the i n d i v i d u a l s collected 
i 
d u r i n g t h e w i n t e r w e r e larger t h a n t h o s e collected d u r i n g the s u m m e r . 
D i e l vertical m i g r a t i o n is a w i d e s p r e a d p h e n o m e n o n that is k n o w n to exist in 
a l m o s t all t a x a o f p l a n k t o n i c o r g a n i s m s . B e c a u s e p h y t o p l a n k t o n is m o s t a b u n d a n t 
n e a r t h e surface, diel vertical m i g r a t i o n is o f t e n associated w i t h diel f e e d i n g r h y t h m . 
D i e l vertical m i g r a t i o n a n d diel f e e d i n g r h y t h m o f Calarms sinicus w e r e s t u d i e d at 
t w o sites l o c a t e d n e a r the n o r t h e r n tip o f T a i w a n in A p r i l a n d D e c e m b e r 2 0 0 1 . T h e 
selective a d v a n t a g e o f diel vertical m i g r a t i o n in late c o p e p o d i t e s a n d adult f e m a l e o f 
C . sinicus in A p r i l w a s the r e d u c t i o n o f mortality b y predation. In D e c e m b e r , t h e 
c o p e p o d s m o d i f i e d their m i g r a t i o n b e h a v i o r b y r e m a i n i n g in the relatively f o o d - r i c h 
surface w a t e r s w h e n f o o d availability is l o w . 
S e v e r a l p r o t o c o l s b a s e d o n m o l e c u l a r genetic characters h a v e b e e n successfully 
a p p l i e d to m a r i n e z o o p l a n k t o n . T h i s thesis also d e t e r m i n e d if Calarm sinicus 
p o p u l a t i o n s in the o c e a n s o f s o u t h e r n C h i n a are d e r i v e d f r o m p o p u l a t i o n s in the 
Y e l l o w S e a a n d E a s t C h i n a S e a , m o l e c u l a r a p p r o a c h will b e u s e d to e x a m i n e 
intraspecific variations in the D N A s e q u e n c e s o f C. sinicus s p e c i m e n s collected in 
coastal w a t e r s outside the C h a n g j i a n g river m o u t h a n d off n o r t h e r n tip o f T a i w a n . 
T h e result s h o w e d that the Z h e j i a n g - F u j i a n l o n g s h o r e currents carry C sinicus f r o m 
the E a s t C h i n a S e a into the S o u t h C h i n a S e a . 
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南中國沿岸海域大中華哲水蚤生態硏究 
李嘉倫 
摘要 
橈足類是屬於甲穀門下的撓足類綱，已知曉的橈足類大約有七千五百種。 
大中華哲水蚤是黃海，東中國海和日本海的優勢種類.本論文對南中國沿岸海 
域的大中華哲水蚤的生態進行硏究。自2000年11月至2002年3月在台灣北 
部沿岸海域及自2001年2月至2002年4月在香港牛尾海外邊的海域採樣站的結 
果表明：大中華哲水蚤的在台灣北部的密度大于在香港的密度，在台灣北部是 
全年性發生及具季節性豐度，尤在冬季常見，其在香港海域的紀錄只有2001年3 
月。成年的大中華哲水蚤的性別比率同樣帶有季節性，但主要由雌性組成。 
結果同時表明其在冬季的體長一般都大於夏季的體長。 
曰周性垂直遷移現象常見於淡水及海水的浮游動物。由於浮游植物積 
聚在水表層，所以，一般會進行日周性垂直遷移的浮游動物，通常是白天棲息在 
較深的水層且不進食，晚上再游到水表層進行攝食行爲。本論文對大中華哲水 
蛋在台灣北部沿岸海域的日周性垂直遷移現象和其攝食節律進行探討。在 
2001年4月的結果表明，大中華哲水蚤的幼生期和成年雌性的垂直遷移是爲了 
躲避以目視法捕食的敵人° 在2001年12月，浮游植物的供應量下降，大部份 
的大中華哲水蚤停留在水表層尋找食物。 
iv 
由於不同的分子遺傳標記已成功應用在海洋的浮游動物，所以，本論文 
同時利用分子標記以分析南中國沿岸的大中華哲水蚤是否從黃海和東中國海而 
來。硏究利用在長江河口和台灣北部沿岸海域的大中華哲水蚤的標本進行 
DNA序列分析。結果表明南中國沿岸的大中華哲水S是跟隨浙江和福建沿岸 
流從黃海和東中國海而來。 
X 
Acknowledgements 
I a m m o s t grateful to m y advisor, Prof. W o n g C h o n g K i m for his s u p e r v i s i o n a n d 
v a l u a b l e c o m m e n t s d u r i n g m y t w o y e a r s o f study. I a m also i n d e b t e d to m y thesis 
c o m m i t t e e m e m b e r s , Profs. A n g P u t 0 . Jr. a n d C h u L e e M a n for their a d v i c e a n d help. 
It is also a p l e a s u r e to t h a n k the h e l p f u l c o m m e n t s f r o m Prof. C h u K a H o u . S p e c i a l 
r e g a r d s are g i v e n to Prof. H w a n g J i a n g - S h i o u o f the N a t i o n a l T a i w a n O c e a n 
U n i v e r s i t y for his w i l l i n g n e s s to s e r v e as the external e x a m i n e r o f this thesis a n d to 
p r o v i d e t h e o p p o r t u n i t y for m e to w o r k in T a i w a n . T h a n k s are also g i v e n to Prof. 
C h e n Q i n g C h a o o f the S o u t h C h i n a S e a Institute o f O c e a n o l o g y , A c a d e m i a S c i e n c e 
for his assistance in collecting z o o p l a n k t o n s a m p l e s outside the C h a n g ] i a n g R i v e r 
m o u t h . 
I greatly appreciate the assistance p r o v i d e d b y the staff o f M a r i n e S c i e n c e 
L a b o r a t o r y a n d D e p a r t m e n t o f B i o l o g y , the C h i n e s e U n i v e r s i t y o f H o n g K o n g . I 
w o u l d like to t h a n k C h e u n g K w o k C h u a n d L i C h i P a n g for their technical a d v i c e 
d u r i n g m y laboratory w o r k . I also t h a n k Y u n g Y u k H a y for his h e l p d u r i n g the t w o 
y e a r s o f field s a m p l i n g in P o r t Shelter, H o n g K o n g . T h a n k s are e x t e n d e d to W a n 
C h a k L a m a n d W o n g C h u n K w a n for their s u p p o r t a n d s u g g e s t i o n s in the laboratory. 
S p e c i a l t h a n k s also g i v e n to all the staff a n d students at the N a t i o n a l T a i w a n O c e a n i c 
vi 
U n i v e r s i t y w h o g a v e m e assistance a n d h e l p e d m e w i t h the z o o p l a n k t o n s a m p l e s 
collections in T a i w a n . 
I m u s t also t h a n k all the m e m b e r s o f m y f a m i l y here, especially m y m o t h e r , for 
their s u p p o r t . 
Finally, a special d e b t o f t h a n k s is d u e m y b e s t friend, K w a n N i n g Y a n , b e c a u s e 
o f h e r c o n t i n u o u s e n c o u r a g e m e n t a n d u n c o n d i t i o n a l s u p p o r t d u r i n g the p a s t t w o years. 
vii 
List of Figures 
Fig. 1.1: (a) S e q u e n t i a l d e v e l o p m e n t o f the a p p a r e n t s e g m e n t a t i o n o f Calarms 
sinicus t h r o u g h o u t t h e c o p e p o d i d stages, C I to C V , m a l e a n d f e m a l e , 
(b) T h e fifth pair o f legs o f s w i m m i n g Calarms sinicus m a l e a n d 
f e m a l e . 
Fig. 2.1: M a p o f S o u t h C h i n a S e a a n d E a s t C h i n a S e a s h o w i n g l o c a t i o n o f 利 
s a m p l i n g stations o u t s i d e N u c l e a r P o w e r P l a n t I ( N P P I ) in c o a s t a l 
w a t e r s o f f the n o r t h e r n tip o f T a i w a n . 
Fig. 2.2: M a p o f P o r t Shelter, H o n g K o n g s h o w i n g location o f s a m p l i n g 
stations. 
Fig. 2.3: S e a s o n a l c h a n g e s in (a) t e m p e r a t u r e ( o C ) a n d (b) salinity (O/QO) at 
4 j 
station B 5 0 0 off n o r t h e r n T a i w a n . 
Fig. 2.4: S e a s o n a l c h a n g e s in (a) t e m p e r a t u r e ( o C ) a n d (b) salinity (O/QO) at ^ ^ 
station B 1 0 0 0 off n o r t h e r n T a i w a n . 
Fig. 2.5: S e a s o n a l c h a n g e s in (a) t e m p e r a t u r e ( o C ) a n d (b) salinity (O/QO) at ^ ^ 
station B 2 0 0 0 off n o r t h e r n T a i w a n . 
Fig. 2 . 6 : S e a s o n a l c h a n g e s in (a) t e m p e r a t u r e ( O Q a n d (b) salinity (O/QO) at 
4 6 
station C 5 0 0 off n o r t h e r n T a i w a n . 
Fig. 2 . 7 : S e a s o n a l c h a n g e s in (a) t e m p e r a t u r e ( o C ) a n d (b) salinity (O/QO) at ^ ^ 
station C I 0 0 0 off n o r t h e r n T a i w a n . 
Fig. 2.8: S e a s o n a l c h a n g e s in (a) t e m p e r a t u r e ( o Q a n d (b) salinity (O/QO) at ^ ^ 
station C 2 0 0 0 off n o r t h e r n T a i w a n . 
Fig. 2.9: S e a s o n a l c h a n g e s in (a) t e m p e r a t u r e ( o C ) a n d (b) salinity (O/QO) at ^ ^ 
station C 5 0 0 0 off n o r t h e r n T a i w a n . 
Fig. 2 . 1 0 : S e a s o n a l c h a n g e s in (a) t e m p e r a t u r e ( o C ) a n d (b) salinity (O/QO) at 冗 
station I outside P o r t Shelter, H o n g K o n g . 
viii 
Fig. 2 . 1 1 : S e a s o n a l c h a n g e s in (a) t e m p e r a t u r e ( O Q a n d (b) salinity (O/QQ) at 
station II o u t s i d e P o r t Shelter, H o n g K o n g . 
Fig. 2 . 1 2 : S e a s o n a l c h a n g e s in (a) t e m p e r a t u r e ( o C ) a n d (b) salinity ( o / o o ) at 
station III o u t s i d e P o r t Shelter, H o n g K o n g . 
Fig. 2 . 1 3 : S e a s o n a l c h a n g e s in (a) t e m p e r a t u r e ( o C ) a n d (b) salinity (〇/oo) at 。 
5 3 
station I V o u t s i d e P o r t Shelter, H o n g K o n g . 
Fig. 2 . 1 4 : S e a s o n a l c h a n g e s in (a) t e m p e r a t u r e ( o C ) a n d (b) salinity ( o / o o ) at ^ ^ 
station V o u t s i d e P o r t Shelter, H o n g K o n g . 
Fig. 2 . 1 5 : S u r f a c e (white), m i d d l e (grey) a n d b o t t o m (black) c h l o r o p h y l l a ^^ 
c o n c e n t r a t i o n at different stations off n o r t h e r n T a i w a n f r o m 
N o v e m b e r 2 0 0 0 to M a r c h 2 0 0 2 . 
Fig. 2 . 1 6 : S u r f a c e (white), m i d d l e (grey) a n d b o t t o m (black) c h l o r o p h y l l a 
5 6 
c o n c e n t r a t i o n at different stations outside P o r t Shelter, H o n g K o n g , 
f r o m F e b r u a r y 2 0 0 1 to A p r i l 2 0 0 2 . 
Fig. 2 . 1 7 : S e a s o n a l o c c u r r e n c e o f Calanus sinicus ( C I to C V I ) at different 巧 
stations o f f n o r t h e r n T a i w a n . 
Fig. 2 . 1 8 : S e a s o n a l o c c u r r e n c e o f different stages o f Calanus sinicus at station 
5 8 
B 5 0 0 off n o r t h e r n T a i w a n . 
Fig. 2 . 1 9 : S e a s o n a l o c c u r r e n c e o f different stages o f Calanus sinicus at station ^ ^ 
B I O O O off n o r t h e r n T a i w a n . 
Fig. 2 . 2 0 : S e a s o n a l o c c u r r e n c e o f different stages o f Calanus sinicus at station ^ ^ 
B 2 0 0 0 off n o r t h e r n T a i w a n . 
F i g 2 . 2 1 : S e a s o n a l o c c u r r e n c e o f different stages o f Calanus sinicus at station 
° b丄 
C 5 0 0 off n o r t h e r n T a i w a n . 
Fig. 2 . 2 2 : S e a s o n a l o c c u r r e n c e o f different stages o f Calanus sinicus at station ^ ^ 
C I 0 0 0 off n o r t h e r n T a i w a n . 
ix 
Fig. 2 . 2 3 : S e a s o n a l o c c u r r e n c e o f different stages o f Calanus sinicus at station ^ 
6 3 
C 2 0 0 0 off n o r t h e r n T a i w a n . 
Fig. 2 . 2 4 : S e a s o n a l o c c u r r e n c e o f different stages o f Calanus sinicus at station ^ ^ 
C 5 0 0 0 off n o r t h e r n T a i w a n . 
Fie. 2 . 2 5 : S e a s o n a l o c c u r r e n c e o f Calanus sinicus ( C I to C V I ) at different ,产 
^ 6 5 
stations o u t s i d e P o r t Shelter, H o n g K o n g . 
Fig. 2 . 2 6 : S e a s o n a l o c c u r r e n c e o f different stages o f Calanus sinicus at station 
66 
I o u t s i d e P o r t Shelter, H o n g K o n g . 
Fig. 2 . 2 7 : S e a s o n a l o c c u r r e n c e o f different stages o f Calanus sinicus at station 
6 7 
II o u t s i d e P o r t Shelter, H o n g K o n g . 
Fig. 2 . 2 8 : S e a s o n a l o c c u r r e n c e o f different stages o f Calanus sinicus at station 
68 
III o u t s i d e P o r t Shelter, H o n g K o n g . 
Fig. 2 . 2 9 : S e a s o n a l o c c u r r e n c e o f different stages o f Calanus sinicus at station 
69 
I V o u t s i d e P o r t Shelter, H o n g K o n g . 
Fig. 2 . 3 0 : S e a s o n a l o c c u r r e n c e o f different stages o f Calanus sinicus at station ^ ^ 
V outside P o r t Shelter, H o n g K o n g . 
Fig. 2 . 3 1 : S e a s o n a l variations in a b u n d a n c e o f Calanus sinicus o f different ^ ^ 
d e v e l o p m e n t a l stages ( C I to C V I ) off n o r t h e r n T a i w a n . 
Fig. 2 . 3 2 : S e a s o n a l variations in a b u n d a n c e o f Calanus sinicus o f different ^ ^ 
d e v e l o p m e n t a l stages ( C I to C V I ) outside P o r t Shelter, H o n g K o n g . 
Fig. 2.33: S e a s o n a l c h a n g e in c o p e p o d i t e stage ratio i n d e x o f Calanus sinicus ^^ 
off n o r t h e r n T a i w a n . 
Fig. 2.34: S e a s o n a l c h a n g e in b i o m a s s o f Calanus sinicus ( C I to C V I ) at ^ ^ 
different stations off n o r t h e r n T a i w a n . 
Fig. 2.35: S e a s o n a l c h a n g e in b i o m a s s o f Calanus sinicus ( C I to C V I ) at ^ ^ 
different stations outside P o r t Shelter, H o n g K o n g . 
X 
Fig. 2.36: S e a s o n a l c h a n g e in a b u n d a n c e o f c o p e p o d s (not including nauplii) at 
126 
different stations off n o r t h e r n T a i w a n . 
Fig. 2.37: S e a s o n a l c h a n g e in a b u n d a n c e o f c o p e p o d s (not i n c l u d i n g nauplii) at 力 
different stations outside P o r t Shelter, H o n g K o n g . 
Fig. 2.38: S e a s o n a l c h a n g e in b i o m a s s o f all c o p e p o d s (not including nauplii) 
. 7 8 
at different stations off n o r t h e r n T a i w a n . 
Fig. 2.39: S e a s o n a l c h a n g e in b i o m a s s o f all c o p e p o d s (not i n c l u d i n g nauplii) ^ ^ 
at different stations outside P o r t Shelter, H o n g K o n g . 
Fig. 2.40: S e a s o n a l c h a n g e s in m e a n p r o s o m e length o f v a r i o u s c o p e p o d i t e 
80 
stages a n d adults o f Calarms sinicus collected in coastal w a t e r off 
n o r t h e r n T a i w a n . 
Fig. 2.41: R e l a t i o n s h i p b e t w e e n a v e r a g e w a t e r t e m p e r a t u r e a n d m e a n p r o s o m e 
81 
length o f v a r i o u s c o p e p o d i t e stages a n d adults o f Calarms sinicus 
collected in coastal w a t e r off n o r t h e r n T a i w a n . 
Fig. 2.42: R e l a t i o n s h i p b e t w e e n p r o s o m e length a n d b o d y d r y w e i g h t o f ^ ^ 
v a r i o u s c o p e p o d i t e stages a n d adults o f Calanus sinicus collected in 
coastal w a t e r off n o r t h e r n T a i w a n 
Fig. 2.43: S e a s o n a l c h a n g e in s e x ratio a m o n g adults o f Calanus sinicus in ^ ^ 
coastal w a t e r off northern T a i w a n . 
Fig. 3.1: M a p o f S o u t h C h i n a S e a a n d E a s t C h i n a S e a s h o w i n g location o f ^^^ 
s a m p l i n g stations outside N u c l e a r P o w e r Plant I ( N P P I ) in coastal 
w a t e r s off the northern tip o f T a i w a n . 
Fig. 3.2: D i e l variations in vertical distribution o f (a) t e m p e r a t u r e ( o C ) a n d ^ ^ ^ 
(b) salinity (O/QO) at station C500 f r o m 1 5 0 0 h, 10 A p r i l to 0 9 0 0 h， 
11 April, 2 0 0 1 . 
xi 
Fig. 3.3: D i d variations in vertical distribution o f (a) t e m p e r a t u r e ( o C ) a n d 
(b) salinity (o/oo) at station C 5 0 0 0 f r o m 1 2 0 0 h, 10 A p r i l to 0 6 0 0 h, 
11 April, 2 0 0 1 . 
Fig. 3.4: D i e l variations in vertical distribution o f (a) t e m p e r a t u r e ( o C ) a n d 
116 
(b) salinity (o/oo) at station C 5 0 0 f r o m 0 9 0 0 h，5 D e c e m b e r to 0 3 0 0 
h, 6 D e c e m b e r , 2 0 0 1 . 
Fig. 3.5: D i e l variations in vertical distribution o f (a) t e m p e r a t u r e ( o C ) a n d ^ ^ ^ 
(b) salinity (O/QO) at station C 5 0 0 0 f r o m 1 2 0 0 h, 5 D e c e m b e r to 
0 6 0 0 h, 6 D e c e m b e r , 2 0 0 1 . 
Fig. 3.6: (a) Vertical profiles o f c h l o r o p h y l l a at station C 5 0 0 f r o m 1 5 0 0 h, 1 0 
118 
A p r i l to 0 9 0 0 h, 11 April, 2 0 0 1 . ( b ) Vertical profiles o f c h l o r o p h y l l 
a at station C 5 0 0 0 f r o m 1 2 0 0 h, 1 0 A p r i l to 0 6 0 0 h, 11 April, 2 0 0 1 . 
Fig. 3.7: (a) Vertical profiles o f c h l o r o p h y l l a at station C 5 0 0 f r o m 0 9 0 0 h, 5 ^ ^ ^ 
D e c e m b e r to 0 3 0 0 h, 6 D e c e m b e r , 2 0 0 1 . (b) Vertical profiles o f 
c h l o r o p h y l l a at station C 5 0 0 0 f r o m 1 2 0 0 h, 5 D e c e m b e r to 0 6 0 0 h 6 
D e c e m b e r , 2 0 0 1 . 
Fig. 3.8: D i e l variations in the vertical distribution o f Calanus sinicus at ^ ^ ^ 
station C 5 0 0 o n 1 0 & 11 A p r i l 2 0 0 1 . 
Fig. 3.9: D i e l variations in the vertical distribution o f Calanus sinicus at ^^^ 
C 5 0 0 0 o n 10 & 11 A p r i l 2 0 0 1 . 
Fig. 3.10: D i e l variations in the vertical distribution o f Calanus sinicus at ^ ^ ^ 
station C 5 0 0 o n 5 & 6 D e c e m b e r 2 0 0 1 . 
Fig. 3.11: D i e l variations in the vertical distribution o f Calanus sinicus at ^ ^ ^ 
station C 5 0 0 0 o n 5 & 6 D e c e m b e r 2 0 0 1 . 
Fig. 3.12: G u t p i g m e n t content o f ( A ) adult a n d ( B ) c o p e p o d i t e s C I V a n d C V ^ ^ ^ 
o f Calanus sinicus at station C 5 0 0 o n 10 & 11 April, 2 0 0 1 . 
Fig. 3.13: G u t p i g m e n t content o f ( A ) adult a n d ( B ) c o p e p o d i t e s C I V a n d C V 工乃 
of Calanus sinicus at station C 5 0 0 0 o n 1 0 & 11 April, 2 0 0 1 . 
xii 
Fig. 3 . 1 4 : G u t p i g m e n t c o n t e n t o f ( A ) adult a n d ( B ) c o p e p o d i t e s C I V a n d C V 
1 2 6 
o f Calanus sinicus at station C 5 0 0 o n 5 & 6 D e c e m b e r , 2 0 0 1 . 
Fig. 3.15: G u t p i g m e n t c o n t e n t o f ( A ) adult a n d ( B ) c o p e p o d i t e s C I V a n d C V 
o f Calanus sinicus at station C 5 0 0 0 o n 5 & 6 D e c e m b e r , 2 0 0 1 . 
Fig. 4.1: G e l p h o t o s h o w i n g P G R p r o d u c t s for individual Calanus sinicus. ^^^ 
Fig. 4.2: S e q u e n c e d a t a for a 6 4 0 b a s e pair r e g i o n o f the m i t o c h o n d r i a l g e n e 
• 1 4 8 
c y t o c h r o m e o x i d a s e I ( C O I ) ] for Calanus sinicus collected in 
coastal w a t e r s outside the C h a n g j i a n g R i v e r m o u t h a n d o f f n o r t h e r n 
tip o f T a i w a n . 
Fig. 4.3: S e q u e n c e d a t a for a 4 7 4 b a s e pair r e g i o n o f the n u c l e a r g e n e [first ^ 卯 
internal transcribed s p a c e o f r i b o s o m a l D N A (ITS-1)] for Calanus 
sinicus collected in coastal w a t e r s outside the C h a n g j i a n g R i v e r 
m o u t h a n d off n o r t h e r n tip o f T a i w a n . 
xiii 
List of Tables 
T a b l e 2.1: C o o r d i n a t e s o f s a m p l i n g stations in n o r t h e r n T a i w a n a n d P o r t 
8 4 
Shelter, H o n g K o n g . 
T a b l e 2.2: A b u n d a n c e o f all stages o f Calanus sinicus ( C I to C V I ) at different 
O J 
stations off n o r t h e r n T a i w a n a n d outside P o r t Shelter, H o n g K o n g . 
T a b l e 2.3: A b u n d a n c e o f c o p e p o d s (not i n c l u d i n g nauplli) at different stations 
86 
o f f n o r t h e r n T a i w a n a n d o u t s i d e P o r t Shelter, H o n g K o n g . 
T a b l e 3.1: D a y - n i g h t differences in t h e m e a n a b u n d a n c e (ind. m ' ^ ) a n d t h e 
1 2 o 
m e a n d e p t h ( m ) o f Calanus sinicus at station C 5 0 0 d u r i n g A p r i l 
1 0 - A p r i l 1 1 , 2 0 0 1 . 
T a b l e 3.2: D a y - n i g h t differences in the m e a n a b u n d a n c e (ind. m " ^ ) a n d the ^ ^ ^ 
m e a n d e p t h ( m ) o f Calanus sinicus at station C 5 0 0 0 d u r i n g A p r i l 
1 0 - A p r i l 1 1 , 2 0 0 1 . 
T a b l e 3.3: D a y - n i g h t differences in the m e a n a b u n d a n c e (ind. m ' ' ) a n d the ^ ^ ^ 
m e a n d e p t h ( m ) o f Calanus sinicus at station C 5 0 0 d u r i n g 
D e c e m b e r 5 — D e c e m b e r 6, 2 0 0 1 . 
T a b l e 3.4: D a y - n i g h t differences in the m e a n a b u n d a n c e (ind. m ' ^ ) a n d the ^ ^ ^ 
m e a n d e p t h ( m ) o f Calanus sinicus at station C 5 0 0 0 d u r i n g 
D e c e m b e r 5 - D e c e m b e r 6, 2 0 0 1 . 
T a b l e 3.5: G u t p i g m e n t level ( n g C h k ind.]) o f Calanus sinicus at stations ^ ^ ^ 
C 5 0 0 a n d C 5 0 0 0 d u r i n g A p r i l 1 0 - A p r i l 1 1 , 2 0 0 1 . 
T a b l e 3.6: G u t p i g m e n t level ( n g C h k ind ] ) o f Calanus sinicus at stations 
C 5 0 0 a n d C 5 0 0 0 d u r i n g D e c e m b e r 5 - D e c e m b e r 6, 2 0 0 1 . 
XV 
Chapter 1 General Introduction 
C o p e p o d a , w i t h o v e r 7 , 5 0 0 d e s c r i b e d species, is the largest class o f s m a l l 
c r u s t a c e a n s . M o s t c o p e p o d s live in o c e a n s , b u t there are m a n y e s t u a r i n e a n d 
f r e s h w a t e r s p e c i e s a n d s o m e s p e c i e s c a n b e f o u n d in m o s s a n d soil w a t e r films. 
P l a n k t o n i c c o p e p o d s exist in e n o r m o u s n u m b e r s a n d are u s u a l l y t h e m o s t a b u n d a n t 
a n d c o n s p i c u o u s c o m p o n e n t s o f p l a n k t o n s a m p l e s t a k e n f r o m o c e a n s a n d lakes. 
D e s p i t e their s m a l l size, c o p e p o d s are o f vital i m p o r t a n c e to the e c o n o m y o f o c e a n 
e c o s y s t e m s . P l a n k t o n i c c o p e p o d s r e p r e s e n t s o m e o f the m o s t i m p o r t a n t g r o u p s o f 
h e r b i v o r o u s a n i m a l s in t h e w o r l d ' s o c e a n s a n d p r o v i d e o n e o f t h e p i v o t a l links 
b e t w e e n algal p r i m a r y p r o d u c t i o n a n d the n u m e r o u s large a n d s m a l l c a r n i v o r e s . 
T h e C o p e p o d a f o r m a s u b c l a s s o f the p h y l u m C r u s t a c e a . A c c o r d i n g to the 
classification o f H u y s a n d B o x s h a l l ( 1 9 9 1 ) , there are t e n o r d e r s o f c o p e p o d s 
c o n t a i n i n g different n u m b e r o f families, g e n e r a a n d species. T h e o r d e r C a l a n o i d a , 
e x c l u d i n g t h e f r e s h w a t e r f a m i l y D i a p t o m i d a e a n d the f r e s h w a t e r g e n e r a o f the f a m i l y 
C e n t r o p a g i d a e , currently consists o f s o m e 4 1 families, 1 9 5 g e n e r a a n d 1 8 0 0 species. 
T h e g r o s s m o r p h o l o g y o f the C a l a n o i d a is relatively u n i f o r m a n d is m a r k e d l y 
different f r o m g r o u p s w i t h i n o t h e r o r d e r s o f the C o p e p o d a w h e r e b e n t h i c， c o m m e n s a l 
a n d parasitic life styles h a v e resulted in greatly m o d i f i e d external m o r p h o l o g y . 
1 
Calarms sinicus ( C o p e p o d a ; C a l a n o i d a ) (Fig. 1.1) is a d o m i n a n t z o o p l a n k t e r in 
t h e Y e l l o w S e a , the E a s t C h i n a S e a a n d coastal w a t e r s o f J a p a n ( K i d a c h i , 1 9 7 9 a , b ) . 
A l o n g t h e c o n t i n e n t a l shelf w a t e r s o f C h i n a a n d J a p a n , the r a n g e o f C . sinicus e x t e n d s 
f r o m the east a n d w e s t coasts o f H o n s h u , J a p a n , in n o r t h e a s t (〜 4 0 ° N ) to the n o r t h e r n 
e d g e o f t h e S o u t h C h i n a S e a in the south. A l o n g the s o u t h e a s t e r n c o a s t o f C h i n a , C . 
sinicus h a s b e e n f o u n d in coastal w a t e r s o f n o r t h e r n T a i w a n ( H w a n g et al., 1 9 9 8 ; 
W o n g et al., 1 9 9 8 ) . In H o n g K o n g , C . sinicus h a s also b e e n r e c o r d e d f r o m coastal 
w a t e r s to the east a n d s o u t h d u r i n g the w i n t e r a n d early spring s e a s o n s ( C h e n , 1 9 8 0 ) . 
In T o l o H a r b o u r , C. sinicus o c c u r s in v e r y l o w n u m b e r a n d its o c c u r r e n c e is restricted 
to w i n t e r a n d early spring w h e n the n o r t h e a s t m o n s o o n is p r e v a l e n t ( W o n g et al., 
1 9 9 3 ) . C h e n ( 1 9 8 0 ) h y p o t h e s i z e d that C . sinicus p o p u l a t i o n s in the coastal w a t e r s o f 
T a i w a n a n d H o n g K o n g are d e r i v e d f r o m the n o r t h e r n p o p u l a t i o n s in the Y e l l o w S e a , 
the E a s t C h i n a S e a a n d coastal w a t e r s o f J a p a n u n d e r the influence o f the n o r t h e a s t 
m o n s o o n in winter. Different p o p u l a t i o n s v a r y in t e r m s o f their b r e e d i n g s e a s o n a n d 
n u m b e r o f g e n e r a t i o n s p e r year. In the n o r t h e r n part o f the S o u t h C h i n a S e a , w a t e r 
t e m p e r a t u r e rises rapidly d u r i n g spring a n d C. sinicus t e n d s to d i s a p p e a r f r o m the 
p l a n k t o n b y early s u m m e r w h e n the s o u t h w e s t m o n s o o n b e c o m e s d o m i n a n t . 
In a d d i t i o n to its w i d e g e o g r a p h i c a l distribution, C. sinicus is a p r o m i n e n t 
c o m p o n e n t o f p l a n k t o n i c c o m m u n i t i e s in the n o r t h e r n part o f the S o u t h C h i n a S e a 
2 
b e c a u s e o f its large size. I n f o r m a t i o n o n the b i o l o g y a n d e c o l o g y o f Calanus sinicus 
is p r i m a r i l y b a s e d o n detailed a n d e x t e n s i v e studies carried o u t in J a p a n ( U y e et al., 
1 9 8 6 ; U y e , 1 9 9 0 ; H u a n g , 1 9 9 2 ) . C. sinicus exhibits s e a s o n a l o c c u r r e n c e in coastal 
w a t e r s a r o u n d T a i w a n a n d H o n g K o n g ( C h e n , 1 9 8 0 ; H w a n g et al., 1 9 9 8 ; W o n g et al., 
1 9 9 3 ; W o n g et al., 1 9 9 8 ) . Its large size a n d its p r e v a l e n c e in w i n t e r w h e n o t h e r 
s p e c i e s b e c o m e less a b u n d a n t s u g g e s t s that it m a y b e s e a s o n a l l y i m p o r t a n t a n d 
constitute a m a j o r p o r t i o n o f the z o o p l a n k t o n b i o m a s s a n d p l a y a n i m p o r t a n t role in 
the e n e r g y transfer p r o c e s s o f p l a n k t o n i c f o o d w e b . 
T h e m a j o r objective o f the r e s e a r c h carried o u t in this thesis w a s to investigate 
the b i o l o g y a n d e c o l o g y o f C. sinicus in coastal o c e a n s in the n o r t h e r n e d g e o f the 
S o u t h C h i n a S e a . T h i s thesis is c o m p o s e d o f three separate, b u t interrelated, studies. 
T h e first s t u d y f o c u s e d o n the s e a s o n a l o c c u r r e n c e o f C. sinicus p o p u l a t i o n s in coastal 
w a t e r s at the n o r t h e r n tip o f T a i w a n a n d at the outer e d g e o f P o r t Shelter, H o n g K o n g . 
G e o g r a p h i c a l l y , these locations m a r k e d the s o u t h e r n e d g e o f the C . sinicus 
p o p u l a t i o n s in the E a s t C h i n a S e a a n d the s o u t h e r n e d g e o f the r a n g e o f C . sinicus in 
the continental shelf w a t e r s o f C h i n a . D e v e l o p m e n t a l characteristics a n d b o d y 
a l l o m e t r y o f different C. sinicus p o p u l a t i o n s w e r e e x a m i n e d b y m e a s u r i n g p r o s o m e 
l e n g t h a n d d r y w e i g h t . T h e s e c o n d s t u d y e x a m i n e d the diel vertical m i g r a t i o n a n d 
diel f e e d i n g r h y t h m o f C. sinicus in the coastal w a t e r s o f n o r t h e r n T a i w a n . D i e l 
J 
vertical m i g r a t i o n o f Calanus sinicus w a s n o t studied in P o r t Shelter b e c a u s e densities 
e n c o u n t e r e d d u r i n g the c o u r s e o f this s t u d y w e r e generally t o o l o w for detailed 
analysis o f diel pattern. T h e third s t u d y r e p r e s e n t e d a p r e l i m i n a r y a t t e m p t to u s e 
m o l e c u l a r m a r k e r s to d e t e r m i n e if C . sinicus p o p u l a t i o n s in the o c e a n s o f s o u t h e r n 
C h i n a are d e r i v e d f r o m n o r t h e r n p o p u l a t i o n s in the Y e l l o w S e a a n d t h e E a s t C h i n a 
S e a . 
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Chapter 2 Seasonal population structure, life cycle and body 
allometry of the planktonic copepod Calanus sinicus 
2.1 Literature Review 
2.1.1 Taxonomy of Calanidae 
T h e r e are t w o conflicting s c h e m e s for classification o f the F a m i l y C a l a n i d a e . 
B r o d s k y ( 1 9 7 2 ) c o n s i d e r s C a l a n i d a e to b e c o m p o s e d o f the g e n e r a Calanus ( w i t h f o u r 
s u b g e n e r a ) , Cathocalanus, Clanoides, a n d Udinula. In contrast, B r a d f o r d a n d Jillett 
( 1 9 7 4 ) distribute the s p e c i e s in the f a m i l y a m o n g the g e n e r a Calanus, Calanoides, 
Canthocalanus, Cosmocalanus, Mesocalanus’ Neocalanus and Undinula. 
T h e g e n u s Calanus is characterized b y a s t r e a m l i n e d t o r p e d o - s h a p e d 
c e p h a l o s o m e , five free thoracic s e g m e n t s , a n d e x t r e m e l y l o n g a n t e n n u l e s that b e a r 
three large setae ( t w o b a c k w a r d - a n d o n e f o r w a r d - p o i n t i n g ) at their tips. T h e 
a n t e n n u l e s are slightly l o n g e r t h a n the entire b o d y . B o t h the u r o s o m e a n d the 
u r o p o d s are v e r y short. E a c h u r o p o d b e a r s l o n g furcal r a m i . 
T h e g e n u s Calanus c o m p r i s e s 1 4 species. C hyperboreus, C. simillimus a n d C 
propinquus are m o r p h o l o g i c a l l y distinctive (Frost, 1974). O n the basis o f 
m o r p h o l o g y a n d g e o g r a p h i c distribution, the r e m a i n i n g species h a v e b e e n d i v i d e d 
into t w o lineages: a C. finmarchicus g r o u p a n d a C. helgolandicus g r o u p . T h e 
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principal c h a r a c t e r s separating the s p e c i e s are the s e c o n d a r y s e x u a l characteristics. 
T h e first g r o u p , w h o s e s p e c i e s are m a r k e d l y similar in m o r p h o l o g y (Frost, 1 9 7 4 ) , 
i n c l u d e s C . finmarchius, C. glacial is, a n d C marshal lae w h i c h are p o l a r a n d b o r e a l 
s p e c i e s o f the n o r t h e r n h e m i s p h e r e . T h e s e c o n d g r o u p consists o f C. helgolandicus, 
C. pacificiis, C. australis, C. orientalis, C. sinicus a n d C . chilensis. T h e g e n e u s 
Calanus also i n c l u d e d C. euxins, a B l a c k S e a species ( H u l s e m a n n , 1 9 9 1 ) , a n d C. 
agulhensis, a n e w s p e c i e s f r o m S o u t h A f r i c a n w a t e r s ( D e D e c k e r et al., 1 9 9 1 ) . A l l 
t h e s e s p e c i e s o c c u r in the mid-latitudes o f b o t h h e m i s p h e r e s . 
M o r p h o l o g y o f C. sinicus h a s b e e n d e s c r i b e d b y B r o d s k y ( 1 9 7 2 ) . T h e b o d y 
l e n g t h o f f e m a l e C sinicus r a n g e s f r o m 2 . 7 0 to 3 . 5 0 m m a n d that o f m a l e is f r o m 2 . 6 0 
to 3 . 5 0 m m (Fig 1.1). T h e b o d y o f C. sinicus is d i v i d e d into six s e g m e n t s . T h e 
l e n g t h a n d t h e w i d t h o f the genital s o m i t e are the s a m e . T h e e x o p o d s a n d e n d o p o d s 
o f the fifth pair o f legs h a v e three s e g m e n t s e a c h . T h e fifth pair o f leg in m a l e s is 
n o r m a l l y enlarged, especially o n the left side. 
2.1.2 Geographical and seasonal distribution of Calanus sinicus 
C. sinicus is a d o m i n a n t species in the Y e l l o w S e a , the E a s t C h i n a S e a a n d 
coastal w a t e r s o f J a p a n (Kidachi, 1979a,b). A l o n g the continental shelf w a t e r s o f 
C h i n a a n d J a p a n , the r a n g e o f C. sinicus e x t e n d s f r o m the east a n d w e s t coasts o f 
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H o n s h u , J a p a n , in the n o r t h e a s t (〜 4 0。 N ) to the n o r t h e r n e d g e o f t h e S o u t h C h i n a S e a 
in the s o u t h . T h e b r e e d i n g s e a s o n a n d n u m b e r o f g e n e r a t i o n p e r y e a r v a r y 
g e o g r a p h i c a l l y . T h e distribution a n d b r e e d i n g s e a s o n o f Calanus sinicus in C h i n a ' s 
n o r t h e r n neritic a r e a s indicate that this s p e c i e s is a t e m p e r a t e species, w i t h distribution 
centres in the Y e l l o w S e a a n d the E a s t C h i n a S e a . 
T h e o p t i m a l t e m p e r a t u r e for the o c c u r r e n c e o f C. sinicus is a b o u t 5 - 2 4 ° C a n d the 
o p t i m a l t e m p e r a t u r e for r e p r o d u c t i o n is a b o u t 10-18。C ( C h e n , 1 9 9 2 ) . T h e specific 
g r o w t h rate o f C . sinicus w a s also t e m p e r a t u r e - d e p e n d e n t a n d h i g h e s t f r o m C I to CIII, 
i n t e r m e d i a t e f r o m N i l to C I a n d f r o m C I I I to C V , a n d l o w e s t f r o m C V to C V I . T h e 
g r o w t h rates o f C‘ sinicus are h i g h e r t h a n t h o s e o f s m a l l c o p e p o d s s u c h as 
Paracalarms, Acartia a n d Microsetella ( U y e , 1 9 8 8 ) . 
W i t h the e x c e p t i o n o f river m o u t h areas, C. sinicus c a n b e f o u n d in m o s t o f the 
neritic s e a s a l o n g C h i n a ' s east coast. In general, coastal p o p u l a t i o n s are less likely 
to b e e x p o s e d to f o o d limitation t h a n o c e a n i c p o p u l a t i o n s ( H u n t l e y a n d B o y d , 1 9 8 4 ) . 
F o o d limitation c a n affect c o p e p o d s in m a n y w a y s . It c a n affect g r o w t h in b o d y size, 
w h i c h in turn influences clutch size a n d f e c u n d i t y ( W a l k e r a n d P e t e r s o n , 1 9 9 1 ) . T h e 
quality o f f o o d , rather t h a n its quantity, c a n also affect g r o w t h . 
T h e g e o g r a p h i c a l distribution o f C sinicus is strongly affected b y salinity 
( C h e n , 1 9 9 2 ) . Salinity influences the g r o w t h a n d d e v e l o p m e n t o f estuarine species 
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( L i n a n d Li, 1 9 8 4 ) . F o r m o s t estuarine species, there is a n o p t i m a l r a n g e o f salinity 
for s u c c e s s f u l d e v e l o p m e n t a n d g r o w t h . T h e a b u n d a n c e o f Calaiis sinicus is h i g h e s t 
in high-salinity w a t e r s a n d d e c r e a s e s in estuarine w a t e r s a n d coastal w a t e r s o f l o w 
salinity ( C h e n , 1 9 9 2 ) . 
I n t h e I n l a n d S e a o f J a p a n , C . sinicus o c c u r s t h r o u g h o u t the y e a r a n d is the 
s e c o n d m o s t i m p o r t a n t s p e c i e s after Paracalanus sp. in t e r m s o f b i o m a s s a n d 
p r o d u c t i o n ( U y e et al., 1 9 8 6 ) . C, sinicus is m o s t a b u n d a n t in J u n e - J u l y a n d least 
a b u n d a n t in O c t o b e r a r o u n d K i i C h a n n e l o f the I n l a n d S e a o f J a p a n ( U y e et a l , 1 9 8 6 ) . 
R e p r o d u c t i o n in C. sinicus t a k e s p l a c e t h r o u g h o u t t h e y e a r indicating the a b s e n c e o f 
d i a p a u s e p h a s e ( H u a n g et al., 1 9 9 3 ) . 
A t t h e adult stage, f e m a l e s o f C . sinicus usually o u t n u m b e r m a l e s in the I n l a n d 
S e a o f J a p a n ( H u a n g et al., 1 9 9 3 ) . S e a s o n a l c h a n g e in s e x ratio is particularly 
c o m m o n in s p e c i e s w i t h l o n g g e n e r a t i o n times. L i f e s p a n is u s u a l l y shorter in m a l e s 
t h a n in f e m a l e s . In addition, m a l e s a n d f e m a l e s differ in their t e n d e n c y to 
a g g r e g a t e . T h e p h y s i o l o g i c a l state o f the N V I stage influences the later s e x 
differentiation. H i g h t e m p e r a t u r e s p e e d s u p the d e v e l o p m e n t rate o f N V I stage a n d 
increases t h e f r e q u e n c y o f m a l e s a m o n g CI. L o w e r rates o f d e v e l o p m e n t , o n the 
o t h e r h a n d , increase the f r e q u e n c y o f f e m a l e s . 
In winter, Z h e j i a n g - F u j i a n l o n g s h o r e currents carrying C. sinicus m i x w i t h 
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w a t e r m a s s e s f l o w i n g f r o m n o r t h e a s t to s o u t h w e s t a l o n g the eastern c o a s t o f 
G u a n g d o n g u n d e r the i n f l u e n c e o f the N E m o n s o o n . Calanus sinicus is carried into 
the n o r t h e r n e d g e o f the S o u t h C h i n a S e a . C . sinicus h a s b e e n r e c o r d e d f r o m coastal 
w a t e r s n e a r n u c l e a r p o w e r plants in n o r t h e r n T a i w a n ( H w a n g et al., 1 9 9 8 ; W o n g et al., 
1 9 9 8 ) . I n H o n g K o n g , C . sinicus o c c u r s in coastal w a t e r s to the east a n d s o u t h d u r i n g 
the m o n t h s o f w i n t e r a n d early s p r i n g ( C h e n , 1 9 8 0 ) . C. sinicus h a s also b e e n 
r e c o r d e d in T o l o H a r b o u r , b u t o n l y in v e r y l o w n u m b e r s ( W o n g et a l , 1 9 9 3 ) . In 
coastal w a t e r s to the s o u t h o f F u j i a n a n d a l o n g the coasts o f G u a n g d o n g a n d G u a n g x i , 
C . sinicus exhibits s e a s o n a l distribution a n d b r e e d s o n l y d u r i n g the w i n t e r a n d s p r i n g 
( C h e n , 1 9 8 0 ) . 
I n f o r m a t i o n o n the b r e e d i n g s e a s o n o f c o p e p o d c a n b e o b t a i n e d b y e x a m i n i n g 
s e a s o n a l c h a n g e in the f r e q u e n c y o f f e m a l e s c a r r y i n g e g g s a n d w i t h s p e r m a t o p h o r e s 
a t t a c h e d to the u r o s o m e ( M a u c h l i n e , 1 9 9 4 ) . F o r Calanus sinicus, b r e e d i n g s e a s o n 
a n d n u m b e r o f g e n e r a t i o n p e r y e a r t e n d to v a r y g e o g r a p h i c a l l y ( C h e n , 1 9 9 2 ) . In the 
B o h a i a n d t h e n o r t h e r n Y e l l o w S e a , there are three b r e e d i n g p e a k s a n d three 
g e n e r a t i o n s e a c h year. T h e first b r e e d i n g p e r i o d is f r o m M a y to J u n e , the s e c o n d is 
in A u g u s t , a n d the third is in N o v e m b e r w h e n d e v e l o p i n g c o p e p o d larvae will 
u n d e r g o w i n t e r i n g , a n d g e n e r a t i o n s w o u l d b e crossing a n d o v e r l a p p i n g t h r o u g h o u t the 
year. In the s o u t h e r n part o f the Y e l l o w S e a there are also three b r e e d i n g p e a k s a n d 
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three g e n e r a t i o n s . T h e first b r e e d i n g p e a k p e r i o d is f r o m M a r c h to April, o n e 
m o n t h earlier t h a n that in the n o r t h e r n Y e l l o w S e a . E a r l y r e p r o d u c t i o n is p r o b a b l y 
related to t h e h i g h e r w a t e r t e m p e r a t u r e in this area. In the E a s t C h i n a S e a there are 
three b r e e d i n g p e r i o d s a n d three g e n e r a t i o n s p e r year. T h e first is in April, the 
s e c o n d is b e t w e e n J u n e a n d July, a n d the third is in O c t o b e r . A l o n g t h e c o a s t o f 
Fijian, there m a y also b e three b r e e d i n g p e r i o d s a n d three g e n e r a t i o n s p e r year. T h e 
first is in J a n u a r y , the s e c o n d is f r o m A p r i l to M a y a n d the third is f r o m J u l y to 
A u g u s t . A m a j o r difference b e t w e e n the E a s t C h i n a S e a p o p u l a t i o n s a n d F u j i a n 
p o p u l a t i o n s , therefore, is that the n o r t h e r n p o p u l a t i o n s t e n d to start b r e e d i n g earlier in 
t h e year. A l o n g the coasts o f G u a n g d o n g a n d the n o r t h e r n B e i b u G u l f , there are 
o n l y t w o b r e e d i n g p e r i o d s a n d t w o g e n e r a t i o n s p e r year. T h e b r e e d i n g t i m e s are 
close to t h o s e in the F u j i a n coast. T h e first is in J a n u a r y a n d the s e c o n d is a r o u n d 
A p r i l a n d M a y . 
2.13 Body length and body weight of Calanus sinicus 
It is c o m m o n l y a c c e p t e d that that the p h y s i o l o g i c a l rates o f z o o p l a n k t o n are 
i n f l u e n c e d b y their b o d y size w i t h s m a l l e r o r g a n i s m s exhibiting h i g h e r w e i g h t 
specific p h y s i o l o g i c a l rate (Ikeda, 1 9 7 4 ; L y n c h , 1 9 7 7 ) . In this sense, the g r o w t h rate 
o f the large sized Calanus sinicus is e x p e c t e d to b e l o w e r t h a n that o f o t h e r s m a l l e r 
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species. H o w e v e r , U y e ( 1 9 8 8 ) n o t e d that the g r o w t h rate o f Calarms sinicus is 
h i g h e r t h a n that o f s m a l l e r s p e c i e s i n c l u d i n g Paracalarms parous, Acartia clausi a n d 
Microsetella norvegica. T h e s e f i n d i n g s a g r e e w i t h t h o s e r e p o r t e d for C. pacificus 
a n d a c o - o c c u r r i n g s m a l l species, Pseiidocalarms sp. in P u g e t S o u n d , W a s h i n g t o n 
(Frost, 1 9 8 0 ) . T h i s h i g h e r g r o w t h rate is o n e o f the r e a s o n s w h y C . sinicus is a b l e to 
c o m p e t e w i t h s m a l l e r s p e c i e s a n d d o m i n a t e in the I n l a n d S e a o f J a p a n ( U y e , 1 9 8 8 ) . 
B o d y l e n g t h o f the adults is a p r o d u c t o f the i n c r e m e n t s at s u c c e s s i v e m o u l t s 
d u r i n g d e v e l o p m e n t . T h e l e n g t h a c h i e v e d d u r i n g a n i n t e r m o u l t p e r i o d , h o w e v e r , 
b e a r s s o m e relation to the d u r a t i o n o f the stage w h i c h is strongly i n f l u e n c e d b y 
t e m p e r a t u r e . S a b a t i n i ( 1 9 8 9 ) s h o w e d that t e m p e r a t u r e is m o r e i m p o r t a n t t h a n f o o d 
availability in i n f l u e n c i n g the b o d y l e n g t h o f Acartia tonsa. M c L a r e n ( 1 9 7 4 ) studied 
the effects o f t e m p e r a t u r e o n the g r o w t h o f Pseiidocalnus minutus a n d c o n c l u d e d that 
adult f e m a l e s r e a r e d f r o m CIII isolated f r o m the field w e r e larger w h e n r e a r e d at 
l o w e r t h a n at h i g h e r t e m p e r a t u r e s . B o d y length i n c r e m e n t b e t w e e n m o u l t s i n c r e a s e d 
f r o m a b o u t 4 3 % at 12。C to a b o u t 6 0 % at 6。C. Similarly, Eurytemora herdmani 
m a i n t a i n e d in the laboratory g r e w to larger size at l o w e r t e m p e r a t u r e s ( M c L a r e n a n d 
Corkett, 1 9 8 1 ) . 
In s o m e cases, n o correlation is f o u n d b e t w e e n b o d y size a n d e n v i r o n m e n t a l 
t e m p e r a t u r e at the t i m e o f s a m p l i n g . A n a d e q u a t e s u p p l y o f suitable f o o d is a 
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prerequisite for d e v e l o p m e n t a n d g r o w t h . K l e i n Breteler a n d G o n z a l e z ( 1 9 8 2 ) f o u n d 
that f o o d c o n c e n t r a t i o n i n f l u e n c e d b o d y size in several s p e c i e s o f c o p e p o d s a n d 
e x p l a i n e d a b o u t 8 0 % o f the variations in the size o f Centropages hamatus in 
l a b o r a t o r y cultures. D i e l a n d K l e i n Breteler ( 1 9 8 6 ) studied p o p u l a t i o n s o f Calanus 
s p e c i e s in the field a n d in the laboratory a n d c o n c l u d e d that d e v e l o p m e n t a n d g r o w t h 
c o u l d b e arrested b y c h a n g e s in f o o d quality. F o o d availability affects d e v e l o p m e n t 
t i m e a n d g e n e r a t i o n t i m e w h i c h in turn i n f l u e n c e g r o w t h in b o d y length. W h e n f o o d 
is limited, i n g e s t e d e n e r g y is directed to storage r e s e r v e s o r directly to e g g p r o d u c t i o n 
rather t h a n to increase in b o d y length. O h n o et al. ( 1 9 9 0 ) also f o u n d that the 
p r o s o m e l e n g t h of Acartia tsiiensis d e c r e a s e d w i t h increasing culture density. T h i s 
w a s p r o b a b l y the result o f d e c r e a s i n g f o o d rations p e r individual a n d t h u s actually 
reflected the d e g r e e o f f o o d limitation. 
Calanus sinicus is the largest s u s p e n s i o n - f e e d i n g c o p e p o d ( b o d y c a r b o n w e i g h t 
o f adult f e m a l e : > 5 0 w g C ind； )^ w h i c h o c c u r s a b u n d a n t l y in the I n l a n d S e a o f J a p a n 
( U y e , 1 9 8 8 ) . A l l other quantitatively i m p o r t a n t g e n e r a o f s u s p e n s i o n - f e e d i n g 
c o p e p o d s w h i c h c o - o c c u r w i t h C. sinicus {Paracalanus, Acartia, Microsetella a n d 
Oithona) are m u c h s m a l l e r (< 5 i^g C i n d " ) . 
T h e b o d y o f a c o p e p o d c a n b e c o n c e i v e d as consisting o f a structural a n d a 
storage c o m p a r t m e n t s . T h e storage c o m p a r t m e n t is usually c o n s i d e r e d to i n c l u d e the 
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stored lipids o r oil sacs. M c L a r e n ( 1 9 8 6 ) s u g g e s t s that species that d o n o t h a v e 
significant quantities o f stored lipids exhibit e x p o n e n t i a l g r o w t h in w e i g h t , w h i l e 
s p e c i e s that store m a r k e d quantities o f lipids t e n d to s h o w e x p o n e n t i a l g r o w t h o n l y if 
the lipid stores are i g n o r e d . B o d y d r y w e i g h t , like b o d y length, fluctuates s e a s o n a l l y 
a n d is related to e n v i r o n m e n t a l t e m p e r a t u r e . T h e s e a s o n a l c h a n g e in d r y w e i g h t 
usually, b u t n o t a l w a y s , reflects c o r r e s p o n d i n g s e a s o n a l c h a n g e s in b o d y length. 
2.2 Introduction 
Calanus sinicus h a s p r e v i o u s l y b e e n r e c o r d e d f r o m coastal w a t e r s in n o r t h e r n 
T a i w a n ( H w a n g et al., 1 9 9 8 ; W o n g et al., 1 9 9 8 ) . T a i w a n is located in t h e s o u t h e r n 
e d g e o f the E a s t C h i n a S e a a n d the n o r t h e r n e d g e o f the S o u t h C h i n a S e a (Fig. 2.1). 
T h e E a s t C h i n a S e a l o n g s h o r e current consists m a i n l y o f the r u n o f f e m p t y i n g into the 
s e a f r o m the C h a n g j i a n g , Q i a n t a n g a n d M i n j i a n g j o i n i n g the coastal w a t e r to f o r m a 
relatively s t r o n g l o w - s a l i n e w a t e r at the surface layer. T h e direction o f current varies 
w i t h the direction o f the m o n s o o n s . W h e n the n o r t h w e s t a n d n o r t h e a s t w i n d s are 
b l o w i n g in the direction r o u g h l y parallel to that o f the C h a n g j i a n g r u n o f f in winter, 
the l o n g s h o r e current f l o w s s o u t h w a r d s w i t h a relatively large velocity a n d is 
relatively stable. W a t e r m a s s e s outside n o r t h e r n T a i w a n also r e p r e s e n t a r e g i o n 
w h e r e w a t e r a l o n g the e d g e o f the K u r o s h i o C u r r e n t m i x e s w i t h w a t e r f r o m the 
T a i w a n Strait a n d the E a s t C h i n a Sea. T h e K u r o s h i o C u r r e n t originates f r o m east o f 
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t h e P h i l i p p i n e s a n d f l o w s n o r t h w a r d a l o n g the east c o a s t o f T a i w a n . T o t h e n o r t h e a s t 
o f T a i w a n , t h e K u r o s h i o C u r r e n t r u n s into the continental s h e l f - b r e a k a n d f o r m s a 
y e a r - r o u n d u p w e l l i n g s y s t e m . Nutrient-rich w a t e r n e a r the w e s t e r n e d g e o f the 
u p w e l l i n g s y s t e m m i x e s w i t h w a t e r s o f the s o u t h e r n E a s t C h i n a S e a . D i s c h a r g e o f 
h e a t e d w a t e r f r o m t h e n u c l e a r p o w e r plants into s h a l l o w coastal w a t e r s c a n h a v e 
h a r m f u l effects o n aquatic o r g a n i s m s . W a r m w a t e r f r o m the p o w e r plants e n h a n c e s 
algal g r o w t h , s p e e d s u p the p r o c e s s o f eutrophication, a n d c a u s e s c h a n g e s in s p e c i e s 
c o m p o s i t i o n . A t the s a m e t i m e , w a r m t e m p e r a t u r e s m a y influence the f e e d i n g rates 
o f h e r b i v o r o u s z o o p l a n k t o n a n d c h a n g e the efficiency w i t h w h i c h p h y t o p l a n k t o n is 
h a r v e s t e d . 
P o r t Shelter is a partially e n c l o s e d b a y in the s o u t h e a s t e r n part o f H o n g K o n g 
(Fig. 2.2). L o c a t e d n e a r the e n t r a n c e o f M i r s B a y , it is strongly i n f l u e n c e d b y w a t e r 
m a s s e s o f t h e S o u t h C h i n a S e a . In w i n t e r N E m o n s o o n period, the s o u t h w e s t w a r d 
drift c u r r e n t is d o m i n a n t a n d part o f the K u r o s h i o f l o w s a l o n g the east c o a s t o f H o n g 
K o n g a n d m i x e s w i t h the w a t e r outside the P o r t Shelter. M e a n w h i l e , part o f the E a s t 
C h i n a S e a l o n g s h o r e current enters the S o u t h C h i n a S e a t h r o u g h the T a i w a n Strait, 
f o r m i n g a s t r o n g s o u t h w e s t drift current that f l o w s f r o m n o r t h to s o u t h in the w e s t e r n 
part o f t h e S o u t h C h i n a S e a . T h e m a r i n e w a t e r in P o r t Shelter is a m o n g s t the b e s t 
quality in the territory. T h e P o r t Shelter W a t e r C o n t r o l Z o n e ( W C Z ) is d e s i g n a t e d a s 
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a s e c o n d a r y c o n t a c t r e c r e a t i o n a l z o n e a n d is v e r y p o p u l a r for w a t e r s p o r t activities. 
M a j o r u r b a n d e v e l o p m e n t s in t h e c a t c h m e n t i n c l u d e S a i K u n g , P a k K o n g , P a k S h a 
W a n , H o C h u n g , T a i P o Tsai, S i l v e r s t r a n d a n d C l e a r W a t e r B a y . T h e s e areas, e x c e p t 
S a i K u n g t o w n center, basically are d o m i n a t e d b y ‘village h o u s e ' t y p e o f d e v e l o p m e n t 
w i t h relatively l o w p o p u l a t i o n density. W a t e r quality in the P o r t S h e l t e r W C Z is 
fairly u n i f o r m a n d i m p r o v e s t o w a r d s t h e o u t e r part o f the b a y ( E P D， 2 0 0 0 ) . In H o n g 
K o n g , Calanus sinicus is r e c o r d e d m a i n l y in coastal w a t e r in t h e east a n d s o u t h d u r i n g 
t h e w i n t e r a n d early s p r i n g m o n t h s ( C h e n , 1 9 8 0 ) . O n l y v e r y s m a l l n u m b e r s o f C. 
sinicus h a v e b e e n f o u n d in T o l o H a r b o u r , H o n g K o n g ( W o n g et al., 1993)。 
T h e p o p u l a t i o n s o f C. sinicus in t h e coastal w a t e r s o f T a i w a n a n d H o n g K o n g are 
b e l i e v e d to h a v e b e e n d e r i v e d f r o m t h e n o r t h e r n p o p u l a t i o n s in t h e Y e l l o w S e a , the 
E a s t C h i n a S e a a n d coastal w a t e r s o f J a p a n u n d e r t h e i n f l u e n c e o f t h e N E m o n s o o n in 
winter. D e n s e p o p u l a t i o n s o f C. sinicus, especially in P o r t Shelter, are o c c a s i o n a l l y 
r e c o r d e d d u r i n g late w i n t e r a n d early s p r i n g w h e n the N E m o n s o o n is b l o w i n g (per. 
c o m n . , D r . W . X . W a n g , H K U S T ) . 
T h e a i m o f the p r e s e n t s t u d y in this c h a p t e r w a s to p r o v i d e i n f o r m a t i o n o n the 
distribution a n d s e a s o n a l o c c u r e n c e o f C . sinicus in the s o u t h e r n e d g e o f t h e s p e c i e s 
r a n g e . T h e life history o f C sinicus h a s b e e n studied in n o r t h e r n p a r t o f the s p e c i e s 
r a n g e in s e a s a r o u n d n o r t h e r n C h i n a a n d J a p a n . Little attention h a s b e e n g i v e n to 
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p o p u l a t i o n s a l o n g the c o a s t s o f F u j i a n a n d G u a n g d o n g . T h e specific objective o f 
this s t u d y w a s to e x a m i n e t h e s e a s o n a l o c c u r r e n c e o f Calanus sinicus in coastal 
o c e a n s o f n o r t h e r n T a i w a n a n d H o n g K o n g . D e v e l o p m e n t characteristics o f b o d y 
a l l o m e t r y w e r e e x a m i n e d b y m e a s u r i n g p r o s o m e length a n d d r y w e i g h t o f C. sinicus. 
T h e s t u d y in T a i w a n w a s c o n d u c t e d in w a t e r s o f f the n o r t h e r n tip o f T a i w a n . T h i s 
s t u d y w a s part o f t h e project “Coastal E c o l o g y S u r v e y n e a r the N u c l e a r P o w e r P l a n t s 
I, II a n d I V at N o r t h e r n T a i w a n“ s u p p o r t e d b y the T a i w a n P o w e r C o m p a n y . T h e 
H o n g K o n g s t u d y w a s c o n d u c t e d in coastal w a t e r s n e a r the o u t e r e d g e o f P o r t Shelter. 
L i f e history p a r a m e t e r s o f C. sinicus at these locations w e r e c o m p a r e d to t h o s e o f the 
n o r t h e r n p o p u l a t i o n s to o b t a i n i n f o r m a t i o n o n latitudinal patterns in p o p u l a t i o n 
structure a n d life history strategies. 
2.3 Materials and Methods 
2.3.1 Field sampling 
S a m p l e s w e r e collected at n e a r l y m o n t h l y intervals f r o m N o v e m b e r 2 0 0 0 to 
M a r c h 2 0 0 2 f r o m s e v e n s a m p l i n g stations (Fig. 2.1 a n d T a b l e 2.1) in coastal w a t e r s 
off n o r t h e r n T a i w a n . O u t s i d e P o r t Shelter, H o n g K o n g , s a m p l e s w e r e collected at 
five s a m p l i n g stations (Fig. 2.2 a n d T a b l e 2.1) at nearly m o n t h l y intervals f r o m 
F e b r u a r y 2 0 0 1 to A p r i l 2 0 0 2 . D u p l i c a t e s a m p l e s w e r e collected in e a c h station. 
A l l z o o p l a n k t o n s a m p l e s w e r e collected u s i n g conical nets w i t h closing m e c h a n i s m , 
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0.5 m m o u t h d i a m e t e r a n d 1 2 5 j i m m e s h size. In T a i w a n , s a m p l e s w e r e collected 
f r o m the u p p e r , m i d d l e a n d l o w e r layers ( d e p e n d o n the w a t e r d e p t h ) o f e a c h s a m p l i n g 
station b y t o w i n g t h e n e t b e h i n d the s h i p s for 5 to 1 0 m i n s ( n o duplicate). M o s t o f 
the s a m p l e s w e r e collected d u r i n g d a y t i m e . A calibrated f l o w m e t e r w a s f i x e d to the 
m o u t h o f t h e n e t to e s t i m a t e the v o l u m e o f w a t e r filtered. In H o n g K o n g , s a m p l e s 
w e r e collected b y vertical h a u l s f r o m 2 2 m d e p t h to the surface d u r i n g d a y t i m e . 
A f t e r t o w i n g , t h e n e t w a s w a s h e d t h o r o u g h l y , a n d the c a t c h w a s p r e s e r v e d in a 4 % 
f o r m a l d e h y d e - s e a w a t e r solution in 2 5 0 m L plastic bottles. Vertical profiles o f 
t e m p e r a t u r e a n d salinity w e r e m e a s u r e d at e a c h z o o p l a n k t o n s a m p l i n g site. F o r the 
d e t e r m i n a t i o n o f c h l o r o p h y l l a, s e a w a t e r s a m p l e s collected f r o m the u p p e r , m i d d l e 
a n d l o w e r layers o f e a c h s a m p l i n g station b y a w a t e r s a m p l e r w e r e stored in d a r k e n 
bottles at n e a r freezing t e m p e r a t u r e (〜0。C). U p o n returning to the laboratory, the 
w a t e r s a m p l e s w e r e p r o c e s s e d i m m e d i a t e l y . P h y t o p l a n k t o n w a s c o n c e n t r a t e d o n 
0 . 4 5 11 m M i l l i p o r e filters a n d extracted o v e r n i g h t in 9 0 % a c e t o n e (analytical g r a d e ) in 
a d a r k refrigerator. C h l o r o p h y l l a c o n c e n t r a t i o n s o f a c e t o n e extract w e r e d e t e r m i n e d 
w i t h a T u r n e r D e s i g n s f l u o r o m e t e r u s i n g the m e t h o d o f P a r s o n et al. ( 1 9 8 4 ) . T h e 
c o n c e n t r a t i o n o f c h l o r p o p h y l l a w a s calculated a c c o r d i n g to the e q u a t i o n o f D a g g a n d 
W y m a n ( 1 9 8 3 ) : 
C h i a c o n c e n t r a t i o n ( m g m ’ 二 K(Rb-Ra)v/V 
18 
w h e r e K is t h e m a c h i n e calibration constant, R b a n d R a are the f l u o r e s c e n c e r e a d i n g 
b e f o r e a n d after acidification ( 5 % H C l ) , v is the v o l u m e o f a c e t o n e extract a n d V is 
the v o l u m e o f filtered w a t e r s a m p l e . 
2.3.2 Identification and enumeration of Zooplankton 
I n the laboratory, the v o l u m e o f z o o p l a n k t o n s a m p l e s w a s a d j u s t e d to 2 5 0 m L 
a n d t h e n u m b e r o f Calanus sinicus in five 5 m L s u b s a m p l e s w a s c o u n t e d . T h e 
d e v e l o p m e n t a l stages o f C. sinicus ( f r o m C I to C V I ) w e r e sorted f r o m the s a m p l e s 
a n d c o u n t e d u n d e r a dissecting m i c r o s c o p e . Identification o f d e v e l o p m e n t a l stages 
w a s b a s e d o n C h e n ( 1 9 6 5 ) a n d L i ( 1 9 9 0 ) . T h e c o u n t o f e a c h d e v e l o p m e n t a l stage 
w a s c o n v e r t e d to individual n u m b e r s p e r unit v o l u m e o f water. Identification o f 
m a l e s a n d f e m a l e s w a s m a d e o n l y for adults. N o a t t e m p t w e r e m a d e to c o u n t the 
n a u p l i a r s t a g e s b e c a u s e o f the difficult o f identification. A n i n d e x (stage ratio i n d e x ) 
o f the ratio b e t w e e n a b u n d a n c e o f c o p e p o d i t e stages [ ( C V I f e m a l e s - C V ) / ( C V I 
f e m a l e s + C V ) ] w a s calculated to describe the stage o f d e v e l o p m e n t in the 
p o p u l a t i o n s o f C . sinicus ( M e l l e a n d S k j o d a l , 1 9 9 8 ) . 
2.3.3 Body length and weight of Calanus sinicus 
P r o s o m e l e n g t h ( P L ) o f e a c h c o p e p o d i t e stage w a s m e a s u r e d u n d e r a dissecting 
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m i c r o s c o p e fitted w i t h a n e y e - p i e c e m i c r o m e t e r . D r y w e i g h t ( D W ) o f s p e c i m e n s 
w a s d e t e r m i n e d after p l a c i n g the p r e s e r v e d s p e c i m e n s in a d r y i n g o v e n ( 6 0 ° C ) until 
c o n s t a n t w e i g h t . S a m p l e s w e r e w e i g h e d w i t h a C a h n - 3 M i c r o b a l a n c e ( M o d e l N o . 
1 0 9 3 1 - 0 I F ) . T w o to t w e n t y individuals w e r e m e a s u r e d d e p e n d i n g o n t h e a b u n d a n c e 
o f Calanus sinicus in different m o n t h s . 
2.4 Results 
2.4.1 Temperature 
T e m p e r a t u r e m e a s u r e m e n t s o v e r the 1 7 m o n t h s investigation at different stations 
off n o r t h e r n T a i w a n are p r e s e n t e d in F i g u r e s 2 . 3 a to 2.9a. T e m p e r a t u r e s s h o w e d a 
cyclical a n n u a l pattern w i t h the h i g h e s t t e m p e r a t u r e in July to A u g u s t a n d the l o w e s t 
in J a n u a r y to F e b r u a r y . W a t e r t e m p e r a t u r e off the n o r t h e r n tip o f T a i w a n r a n g e d 
f r o m 1 7 to 2 0 ° C in the winter. A t station C 5 0 0 0 , g r a d u a l w a r m i n g o f the w a t e r 
c o l u m n b e g a n in M a r c h a n d a t h e r m o c l i n e a p p e a r e d at the b e g i n n i n g o f J u n e (Fig. 
2.9). T h e r e w e r e stratifications at different d e p t h s d u e to the t e m p e r a t u r e in J u n e 
( a r o u n d 5 0 m ) , July ( a r o u n d 6 0 m ) a n d A u g u s t 2 0 0 1 ( a r o u n d 7 0 m ) at station C 5 0 0 0 . 
T h e t h e r m o c l i n e b e g a n to b r e a k d o w n in O c t o b e r w h e n the surface t e m p e r a t u r e fell to 
a b o u t 2 3 ° C . N o t h e r m o c l i n e s a p p e a r e d in other stations. In addition, n o 
significant t h e r m a l pollution w a s o b s e r v e d outside the outlet o f the n u c l e a r p o w e r 
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p l a n t w h e n c o m p a r i n g w i t h the inlet. 
A m o n g the five stations o u t s i d e P o r t Shelter, H o n g K o n g , t e m p e r a t u r e s h o w e d 
similar s e a s o n a l patterns (Fig. 2 . 1 0 a - 2 . 1 4 a ) o v e r the 1 5 m o n t h s s t u d y p e r i o d . A t 
all o f t h e s e five stations (station 1 - station 5), t e m p e r a t u r e s r e c o r d e d b e t w e e n 0 a n d 2 0 
m d e p t h r a n g e d f r o m a n at d e p t h m i n i m u m o f a b o u t 1 7 C in 
s u r f a c e m a x i m u m o f a b o u t 3 0 ° C in A u g u s t 2 0 0 1 . W a t e r t e m p e r a t u r e r a n g e d f r o m 
1 7 to 2 0 in t h e winter. T h e t e m p e r a t u r e o f the w a t e r c o l u m n b e g a n to rise in 
M a r c h a n d a t h e r m o c l i n e a p p e a r e d at the b e g i n n i n g o f J u n e . S u m m e r t e m p e r a t u r e 
r a n g e d f r o m 2 6 to 3 2 ° C at the surface a n d d r o p p e d to b e t w e e n 2 3 a n d 2 8 ° C at the 
b o t t o m . T h e t h e r m o c l i n e b e g a n to b r e a k d o w n in O c t o b e r w h e n the surface 
t e m p e r a t u r e fell to a b o u t 2 6 ° C . 
2.4.2 Salinity 
Salinity m e a s u r e m e n t s o v e r the 1 7 m o n t h s investigation at different stations off 
n o r t h e r n T a i w a n are p r e s e n t e d in F i g u r e s 2 . 3 b - 2.9b. B e c a u s e coastal w a t e r off the 
n o r t h e r n tip o f T a i w a n is i n f l u e n c e d b y w a t e r m a s s e s f r o m the o p e n sea, salinity is 
h i g h e r a n d m o r e stable t h a n t h o s e in the inner a n d e n c l o s e d h a r b o u r . S u r f a c e salinity 
r a n g e d s e a s o n a l l y f r o m 3 2 . 6 to 34.5 % o a n d w a s l o w e r a n d m o r e variable in s u m m e r 
a n d fall t h a n in w i n t e r a n d spring. Relatively h i g h surface salinities ( > 3 3 . 5 % o ) 
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o c c u r r e d f r o m D e c e m b e r 2 0 0 0 to M a r c h 2 0 0 1 a n d f r o m D e c e m b e r 2 0 0 1 to M a r c h 
2 0 0 2 , a n d w e r e c o n s i d e r e d to b e d e r i v e d f r o m the K u r o s h i o high-saline w a t e r . In 
o t h e r m o n t h s , less saline w a t e r ( < 3 3 . 0 々oo) w a s r e c o r d e d in the u p p e r layer, w h e r e a s 
the b o t t o m w a t e r r e m a i n e d virtually unaffected. 
T h e five stations o u t s i d e P o r t Shelter, H o n g K o n g , s h o w e d similar s e a s o n a l 
patterns in salinity (Fig. 2 . 1 0 b - 2 . 1 4 b ) o v e r the 1 5 m o n t h s investigation. S u r f a c e 
w a t e r o u t s i d e P o r t Shelter w a s generally m o r e saline in w i n t e r a n d s p r i n g t h a n in the 
s u m m e r a n d early a u t u m n rainy s e a s o n . In rainy s e a s o n , salinity e x h i b i t e d 
c o n s i d e r a b l e c h a n g e , f r o m less t h a n 2 8 . 0 ^/oo at the surface to m o r e t h a n 3 2 . 0 % o n e a r 
the b o t t o m . T h e vertical salinity g r a d i e n t w a s m a g n i f i e d after m o n s o o n rains w h e n 
surface w a t e r o v e r the entire area o f P o r t Shelter s h o w e d significant r e d u c t i o n in 
salinity, w h e r e a s the b o t t o m w a t e r r e m a i n e d virtually unaffected. 
2.4.3 Ambient Chlorophyll a concentration 
P h y t o p l a n k t o n b i o m a s s , e s t i m a t e d b a s e d o n c h l o r o p h y l l a concentration, s h o w e d 
a m a r k e d seasonality (Fig. 2 . 1 5 ) in coastal w a t e r off n o r t h e r n T a i w a n . In general, 
c o n s i d e r a b l y h i g h e r c h l o r o p h y l l a c o n c e n t r a t i o n s (〉 1 . 5 m g m。） w e r e r e p o r t e d f r o m 
J u l y 2 0 0 1 to N o v e m b e r 2 0 0 1 . C h l o r o p h y l l a c o n c e n t r a t i o n s w e r e h i g h e r at stations 
B I O O O , C I 0 0 0 a n d C 2 0 0 0 t h a n at the other stations. 
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C h l o r o p h y l l a c o n c e n t r a t i o n in the surface w a t e r outside P o r t shelter w a s h i g h 
(Fig. 2 . 1 6 ) a n d v a r i e d v e r y w i d e l y f r o m 3.0 to 8.0 m g m ' ^ at different stations a m o n g 
different layers o u t s i d e P o r t Shelter. C h l o r o p h y l l a p e a k e d in M a y to A u g u s t 2 0 0 1 
w i t h c o n c e n t r a t i o n u s u a l l y m o r e t h a n 4.0 m g m 。 i n the s u r f a c e w a t e r . T h e 
difference in c h l o r o p h y l l a c o n c e n t r a t i o n s a m o n g different stations w a s n o t large. 
2.4.4 Seasonal occurrence and distribution of Calanus sinicus in 
northern Taiwan 
N u m e r i c a l a b u n d a n c e o f C I t h r o u g h C V I stages (adults) o f Calanus sinicus at 
different stations in coastal w a t e r off n o r t h e r n T a i w a n d u r i n g the 1 7 - m o n t h s t u d y 
p e r i o d s are s h o w n in Fig. 2.17. C. sinicus s h o w e d clear s e a s o n a l pattern o f 
o c c u r r e n c e o f f t h e n o r t h e r n tip o f T a i w a n . N u m b e r s w e r e h i g h e s t in w i n t e r m o n t h s 
f r o m N o v e m b e r to D e c e m b e r , a n d l o w e s t d u r i n g the s u m m e r m o n t h s f r o m M a y to 
July. M a x i m u m densities o f adult m a l e s a n d f e m a l e s w e r e f o u n d in D e c e m b e r 2 0 0 0 
a n d 2 0 0 1 (Fig. 2.31). N u m b e r s o f C I V a n d C V also p e a k e d at these t i m e s , w h i l e the 
densities o f all the earlier c o p e p o d i t e stages w e r e h i g h e r in s u m m e r m o n t h s (Fig. 
2.31). 
H i g h a b u n d a n c e w a s r e c o r d e d occasionally in station B 5 0 0 . A d u l t f e m a l e 
c o n c e n t r a t i o n s p e a k e d in F e b r u a r y a n d N o v e m b e r 2 0 0 1 , r e a c h i n g densities of, 
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respectively, 3.4 a n d 1.7 ind. m ^ , w h i l e a d u l t m a l e s r e a c h e d a m a x i m u m d e n s i t y o f 
0 . 3 8 ind. m - 3 m D e c e m b e r 2 0 0 0 (Fig. 2.18). C I , CII，CIII, C I V a n d C V r e a c h e d 
m a x i m u m densities o f 0 . 2 4， 0 . 2 4 , 1.9, 4.3 a n d 8.8 ind. m ' ^ in D e c e m b e r 2 0 0 1 . 
T h e p o p u l a t i o n o f Calanus sinicus w a s quite l o w in station B I O O O (Fig. 2.17). 
C V w a s n u m e r i c a l l y t h e d o m i n a n t stage in D e c e m b e r 2 0 0 0 a n d D e c e m b e r 2 0 0 1 , w i t h 
a d u l t s c o m m o n f r o m F e b r u a r y until A p r i l (Fig. 2.19). T h e s m a l l p e a k (1.3 ind. m ' ^ ) 
in A u g u s t (Fig. 2 . 1 7 ) w a s m a i n l y c o m p r i s e d o f CIII (Fig. 2.19). 
I n station B 2 0 0 0 , t w o p e a k s w e r e f o u n d (Fig. 2.17). O n e in D e c e m b e r 2 0 0 0 a n d 
t h e o t h e r in D e c e m b e r 2 0 0 1 , a n d t h e p o p u l a t i o n s w e r e least a b u n d a n t in J a n u a r y in 
b o t h t h e s e t w o y e a r s (Fig. 2.17). T h e t w o D e c e m b e r p e a k s w e r e c o m p o s e d largely 
o f C V ( 3 2 a n d 1 6 ind. m ' ^ ) w i t h a f e w adults a n d C I V (Fig. 2.20). F r o m D e c e m b e r 
o n w a r d , t h e a b u n d a n c e o f C V d e c r e a s e d w h i l e a n o t h e r s m a l l p e a k o f adults w e r e 
o b s e r v e d in F e b r u a r y (2.8 ind. m ' ^ for f e m a l e , 0 . 2 0 ind. m ' ^ for m a l e ) a n d M a r c h 2 0 0 1 
(1.2 ind. m - 3 for f e m a l e , 0 . 5 6 ind. m " ^ for m a l e ) . T h e a b u n d a n c e o f y o u n g e r 
c o p e p o d i t e s t a g e s C I I I p e a k e d in A u g u s t (1.2 ind. m " ^ ) a n d D e c e m b e r 2 0 0 1 (1.5 ind. 
m-3), b u t a s a w h o l e the p r o p o r t i o n o f the p o p u l a t i o n c o m p r i s e d o f C I I I w a s l o w . 
O n l y a s m a l l n u m b e r o f C I I (0.52 ind. m ' ^ ) w a s r e c o r d e d in July. 
C . sinicus w e r e rare o r a b s e n t d u r i n g m o s t o f the y e a r in station C 5 0 0 . T h e 
m a x i m u m a b u n d a n c e o f C. sinicus o c c u r r e d in D e c e m b e r 2 0 0 1 w i t h d e n s i t y o f a b o u t 
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5 8 ind. m""' (Fig. 2.17). T h e D e c e m b e r p e a k w a s c o m p o s e d largely o f C V (41 ind. 
m " 0 w i t h a f e w a d u l t f e m a l e s (7.6 ind. m ’ a n d C I V (6.5 ind. m " ) (Fig. 2.21). 
Calanus sinicus w a s m o s t a b u n d a n t in the w i n t e r m o n t h s at station C I 0 0 0 (Fig. 
2.17). F o u r irregular p e a k s w e r e r e c o r d e d o v e r the s t u d y p e r i o d in station C I 0 0 0 . 
T h e p e a k in D e c e m b e r 2 0 0 0 consisted largely o f C V (8.4 ind. m ' ^ ) w i t h a f e w C I V 
(1.4 ind. m-3). T h e F e b r u a r y p e a k c o m p o s e d o f adult f e m a l e s (6.3 ind. m ’ a n d adult 
m a l e s (1.3 ind. m'^), the July p e a k consisted o f C I V (2.5 ind. m"^), w h i l e the p e a k 
f r o m N o v e m b e r to D e c e m b e r 2 0 0 1 c o m p r i s e d o f adults, C V a n d C I V (Fig. 2.22). 
T w o p e a k s o f C sinicus w e r e f o u n d in station C 2 0 0 0 , o n e in D e c e m b e r 2 0 0 0 a n d 
the o t h e r in D e c e m b e r 2 0 0 1 (Fig. 2.17). M a x i m u m adult f e m a l e a b u n d a n c e w a s 1 7 
ind. m - 3 in D e c e m b e r 2 0 0 0 a n d a p r o n o u n c e d n u m e r i c a l p e a k (11 ind. m " ^ ) w a s also 
s e e n in D e c e m b e r 2 0 0 1 (Fig. 2.23). T h e p o p u l a t i o n s in D e c e m b e r 2 0 0 0 a n d 2 0 0 1 
w e r e also d o m i n a t e d b y C V . T h e a b u n d a n c e s o f C V generally fell rapidly after 
D e c e m b e r . C I , CII, CIII w e r e m u c h rarer, a n d w e r e r e c o r d e d in A u g u s t , as w e l l as 
the w i n t e r m o n t h s . T h e i r densities w e r e 0.40, 0 . 4 0 a n d 1.2 ind. m ' ^ respectively. 
M a x i m u m a b u n d a n c e in station C 5 0 0 0 w a s 1 0 0 ind. m ' ^ in D e c e m b e r 2 0 0 1 (Fig. 
2 . 1 7 ) w h e n the p o p u l a t i o n consisted m a i n l y o f C I V ( 3 9 ind. m'^), C V ( 3 9 ind. m"^) 
a n d adult f e m a l e s (15 ind. m " ^ ) (Fig. 2.24). A p r o n o u n c e d n u m e r i c a l p e a k c o m p r i s e d 
o f adult f e m a l e s (3.2 ind. m'^), adult m a l e s (2.6 ind. m ’ a n d C V ( 2 2 ind. m ’ w a s 
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also r e c o r d e d in D e c e m b e r 2 0 0 0 . A b u n d a n c e s o f v a r i o u s s t a g e s g e n e r a l l y fell 
r a p i d l y after D e c e m b e r , a l t h o u g h t h e a b u n d a n c e o f C I , C I I , C I I I a n d C I V s h o w e d 
s m a l l s e c o n d a r y p e a k s in t h e s u m m e r m o n t h s f r o m J u n e to S e p t e m b e r . M a x i m u m 
a b u n d a n c e o f C I I I w a s 11 ind. m " ^ in A u g u s t 2 0 0 1， w h i l e t h o s e o f C I , C I I a n d C I V 
w e r e 1.3, 3 . 2 a n d 1 0 ind. m ' ^ respectively, in J u l y 2 0 0 1 . 
I n g e n e r a l , t h e a b u n d a n c e o f Calanus sinicus i n c r e a s e d w i t h t h e d i s t a n c e s a w a y 
f r o m t h e N u c l e a r P o w e r P l a n t a n d t h e n u m b e r o f C . sinicus a l o n g e a c h t r a n s e c t w a s 
h i g h e r at station C 5 0 0 0 , C 2 0 0 0 a n d B 2 0 0 0 t h a n in t h e i n n e r stations. D u r i n g t h e 
1 7 - m o n t h s s t u d y p e r i o d , m e a n densities w e r e 2 1 ind. m"-' at C 5 0 0 0 , 1 3 ind. m ' ^ at 
C 2 0 0 0 a n d 5.5 ind. m ' ^ at B 2 0 0 0 ( T a b l e 2.2). M e a n densities at C l O O O , C 5 0 0 ， B I O O O 
a n d B 5 0 0 w e r e o n l y 4.1，5.8, 2.3 a n d 2 . 0 ind. respectively, o v e r t h e s a m e p e r i o d 
r e s p e c t i v e l y ( T a b l e 2.2). C. sinicus w a s also m o r e a b u n d a n t o u t s i d e t h e outlet o f t h e 
N u c l e a r P o w e r P l a n t w h e n c o m p a r i n g w i t h t h e inlet. 
2.4.5 Seasonal occurrence and distribution of Calanus sinicus in Hong 
Kong 
S e a s o n a l variation in the a b u n d a n c e o f C I t h r o u g h C V I s t a g e s (adults) o f C. 
sinicus at different stations o u t s i d e P o r t shelter o v e r 1 5 - m o n t h s t u d y p e r i o d are s h o w n 
in F i g u r e s 2 . 2 6 - 2 . 3 0 . C sinicus o c c u r r e d o n l y in J a n u a r y a n d F e b r u a r y 2 0 0 1 a n d 
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w e r e a b s e n t in all o t h e r m o n t h s d u r i n g t h e s t u d y period. T h e J a n u a r y a n d F e b r u a r y 
p e a k s c o n s i s t e d o f C V , a d u l t m a l e s a n d a d u l t f e m a l e s . E a r l y c o p e p o d i t e s t a g e s w e r e 
n o t f o u n d . D e n s i t i e s o f Calanus sinicus at different stations d i d n o t differ greatly, 
b u t t h e h i g h e s t d e n s i t y w a s l o w e r at station 4 that at the o t h e r stations ( T a b l e 2.2). 
2.4.6 Life cycle of Calanus sinicus in northern Taiwan 
C h a n g e s in m e a n a b u n d a n c e o f C I t h r o u g h the C V I stages (adults) o f C sinicus 
o v e r t h e s t u d y p e r i o d at all t h e stations in the coastal w a t e r off n o r t h e r n T a i w a n are 
s h o w n in F i g . 2 . 3 1 . A l l d e v e l o p m e n t a l stages o c c u r r e d s e a s o n a l l y t h r o u g h o u t the 
s t u d y p e r i o d . T h e C I I I stage w a s m o s t a b u n d a n t f r o m J u l y to S e p t e m b e r 2 0 0 1 . 
T h e d e v e l o p m e n t s e q u e n c e o f this p e a k w a s traceable u p to the C V I stage. T h e 
d i s p r o p o r t i o n a t e l y h i g h e r n u m b e r o f o l d e r c o p e p o d i t e s a n d adults in w i n t e r s u g g e s t s 
that m o s t o f the p o p u l a t i o n w a s d e r i v e d f r o m p o p u l a t i o n s in the Y e l l o w S e a a n d the 
E a s t C h i n a S e a u n d e r the influence o f the n o r t h east m o n s o o n rather t h a n f r o m in situ 
r e p r o d u c t i o n . M a x i m u m a b u n d a n c e o f C V o c c u r r e d in D e c e m b e r 2 0 0 0 a n d f r o m 
N o v e m b e r to D e c e m b e r 2 0 0 1 . A d u l t s w e r e m o s t a b u n d a n t d u r i n g D e c e m b e r 2 0 0 0 , 
F e b r u a r y to M a r c h 2 0 0 1 ， a n d N o v e m b e r to D e c e m b e r 2 0 0 1 . T h e r e w e r e three 
distinct p e a k s a n d three indistinct o n e s . S e a s o n a l patterns in a b u n d a n c e o f f e m a l e s 
a n d m a l e s w e r e similar, a n d m a l e s w e r e consistently less a b u n d a n t t h a n f e m a l e s 
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( f e m a l e : m a l e = 9:1). 
2.4.7 Life cycle of Calanus sinicus in Hong Kong 
S e a s o n a l variations in m e a n a b u n d a n c e o f C I t h r o u g h C V I s t a g e s (adults) o f 
Calanus sinicus o v e r the s t u d y p e r i o d at all the stations outside P o r t shelter are s h o w n 
in Fig. 2 . 3 2 . N o y o u n g e r c o p e p o d i t e s ( C I to CIII) w e r e r e c o r d e d o u t s i d e P o r t Shelter 
o v e r the s t u d y period. T h i s o b s e r v a t i o n s u g g e s t e d that C. sinicus d o e s n o t r e p r o d u c e 
a l o n g t h e east a n d s o u t h c o a s t o f H o n g K o n g . O l d e r c o p e p o d i t e s a n d adults o c c u r r e d 
o n l y in J a n u a r y a n d F e b r u a r y 2 0 0 1 a n d w e r e a b s e n t in all other m o n t h s o f the s t u d y 
period. T h e t i m i n g o f o c c u r r e n c e o f o l d e r c o p e p o d i t e s a n d adults o u t s i d e P o r t 
shelter indicated that C. sinicus w e r e carried b y the m o n s o o n drift currents f r o m the 
w a t e r off t h e n o r t h e r n tip o f T a i w a n into the east a n d s o u t h coast o f H o n g K o n g u n d e r 
the n o r t h east m o n s o o n . T h e a b u n d a n c e o f C sinicus in J a n u a r y a n d F e b r u a r y 2 0 0 2 
s u g g e s t s that the p r e s e n c e o f this species in w a t e r a r o u n d H o n g K o n g is sporadic. 
H o n g K o n g is in the n o r t h e r n e d g e o f the S o u t h C h i n a S e a w h e r e C. sinicus is n o t a 
regular c o m p o n e n t o f the z o o p l a n k t o n . 
2.4.8 Stage ratio index 
T h e i n d e x o f stage ratio increased f r o m -0.84, indicating a n a b u n d a n c e o f C V , in 
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N o v e m b e r 2 0 0 0 to a b o u t 1.00 in J a n u a r y 2 0 0 1 , indicating a p o p u l a t i o n o f a l m o s t 
e x c l u s i v e l y a d u l t f e m a l e s (Fig. 2.33). T h e s h a r p decline in the stage ratio s u g g e s t s 
that t h e rate o f e g g p r o d u c t i o n w a s h i g h b e t w e e n J a n u a r y a n d July. In July, the i n d e x 
w a s m o s t l y b e l o w - 0 . 9 8 , indicating that the p o p u l a t i o n w a s 9 9 % C V . T h e fall in the 
ratio w h e n s p a w n i n g activity w a s at a h i g h rate c o u l d b e d u e to b o t h r e d u c t i o n in the 
n u m b e r s o f C V I f e m a l e s a n d the d e v e l o p m e n t o f y o u n g e r c o p e p o d i t e s into C V . 
2.4.9 Seasonal changes in biomass of Calanus sinicus 
S e a s o n a l variations in a v e r a g e b i o m a s s at e a c h station (Fig. 2 . 3 4 ) reflected 
c h a n g e s in n u m e r i c a l a b u n d a n c e (Fig. 2.17). T h e stage c o m p o s i t i o n affected the 
b i o m a s s to s o m e extent. A v e r a g e b i o m a s s o f Calanus sinicus w a s h i g h e r at stations 
in the o p e n o c e a n , further a w a y f r o m the n u c l e a r p o w e r plant, t h a n in the i n n e r 
h a r b o u r . A v e r a g e b i o m a s s w a s h i g h e r a r o u n d the outlet o f the n u c l e a r p o w e r p l a n t 
t h a n a r o u n d the inlet. B i o m a s s o f C sinicus d i d n o t differ greatly a m o n g stations 
outside P o r t Shelter (Fig. 2.35). 
2.4.10 Seasonal changes in the abundances of other copepods in 
northern Taiwan 
S e a s o n a l a b u n d a n c e o f c o p e p o d s at different stations outside the n u c l e a r p o w e r 
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p l a n t is p r e s e n t e d in Fig. 2.36. A clear s e a s o n a l pattern w a s o b s e r v e d . D e n s i t y o f 
c o p e p o d w a s h i g h d u r i n g J u l y a n d A u g u s t 2 0 0 1 a n d r e m a i n e d at m u c h l o w e r levels 
d u r i n g the o t h e r m o n t h s . In general, a v e r a g e d e n s i t y w a s h i g h e r at t h e d e e p e r a n d 
m o r e o c e a n i c w a t e r s o f stations C 5 0 0 0 ( 3 5 0 0 ind. C 2 0 0 0 ( 3 0 0 0 ind. m ' ^ ) a n d 
B 2 0 0 0 ( 1 9 0 0 ind. m ' ^ ) d e c r e a s e d p r o g r e s s i v e l y t o w a r d s the i n n e r h a r b o u r ( T a b l e 2.2). 
M e a n densities at stations C I 0 0 0 , C 5 0 0 , B I O O O a n d B 5 0 0 o v e r the s a m e p e r i o d w e r e 
o n l y 2 2 0 0 , 1 6 0 0 , 1 7 0 0 a n d 1 6 0 0 ind. m \ respectively. T h e a b u n d a n c e s o f c o p e p o d s 
w e r e also h i g h e r a r o u n d the inlet o f the n u c l e a r p o w e r plant t h a n n e a r the outlet. 
C o m m o n s p e c i e s in s u m m e r m o n t h s i n c l u d e d Acrocalamis gracilis, Centropages 
orsini, Eucalanus subcrassus, Labidocera acuta, Nannoclanus minor and Temora 
turbinate ( W o n g , 1998)。 
2.4.11 Seasonal changes in the abundances of other copepods in Hong 
Kong 
D e n s i t y o f c o p e p o d s at different stations a l o n g the eastern a n d s o u t h e r n coasts o f 
H o n g K o n g o v e r the s t u d y p e r i o d is s h o w n in Fig. 2.37. A clear s e a s o n a l 
distribution w a s also r e c o r d e d . H i g h e r n u m b e r o f c o p e p o d s w a s o b s e r v e d d u r i n g 
July a n d A u g u s t 2 0 0 1 a n d r e m a i n e d at m u c h l o w e r levels d u r i n g the o t h e r m o n t h s . 
T h e density o f c o p e p o d s a m o n g different stations w a s similar. 
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2.4.12 Seasonal changes in biomass of other copepods 
T h e s e a s o n a l variations in a v e r a g e b i o m a s s at e a c h station (Fig. 2 . 3 8 ) reflected 
c h a n g e s in n u m e r i c a l a b u n d a n c e (Fig. 2.36). T h e s p e c i e s c o m p o s i t i o n a f f e c t e d t h e 
b i o m a s s to s o m e extent. T h e a v e r a g e b i o m a s s o f f the n o r t h e r n tip o f T a i w a n w a s 
h i g h e s t at station C 5 0 0 0 , f o l l o w e d b y C 2 0 0 0 a n d w a s l o w e s t at B 5 0 0 a n d C 5 0 0 . 
A v e r a g e b i o m a s s o f c o p e p o d s d i d n o t differ greatly a m o n g different stations o u t s i d e 
P o r t S h e l t e r (Fig. 2.39). 
2.4.13 Seasonal variations in body size 
S e a s o n a l variations in b o d y size o f different d e v e l o p m e n t a l s t a g e s o f Calanus 
sinicus in n o r t h e r n T a i w a n w e r e m e a s u r e d f r o m N o v e m b e r 2 0 0 0 to M a r c h 2 0 0 2 . 
B o d y l e n g t h r a n g e d f r o m a b o u t 0 . 6 0 - 2 . 2 0 m m . T h e largest i n d i v i d u a l s w e r e f o u n d 
in t h e w i n t e r m o n t h s a n d the s m a l l e s t o n e s m a i n l y in s u m m e r m o n t h s , indicating a 
p o s s i b l e i n v e r s e relationship b e t w e e n p r o s o m e l e n g t h a n d w a t e r t e m p e r a t u r e (Fig. 
2.40). T h e m e a n p r o s o m e l e n g t h o f e a c h d e v e l o p m e n t a l stage w a s plotted a g a i n s t 
t h e a v e r a g e t e m p e r a t u r e o f o c c u r r e n c e o f individuals (Fig. 2.41). Significant 
( P < 0 . 0 5 ) n e g a t i v e r e g r e s s i o n s w e r e o b t a i n e d for C I I I， C I V , a n d a d u l t m a l e . T h e 
m e a n p r o s o m e l e n g t h s o f t h e s e stages {PL, m m ) w e r e e x p r e s s e d a s a f u n c t i o n o f 
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t e m p e r a t u r e (T, ° C ) a s f o l l o w s : 
CIII: = 1 . 1 6 9 7 - 0 . 0 0 2 2 7 
C I V : P I = 1 . 4 2 1 7 - 0 . 0 0 3 9 7 
C V I $ : PL = 2.0690-0.00417 
T h e m e a n p r o s o m e l e n g t h s for C I , CII, C V a n d adult f e m a l e w e r e 0.65, 0 . 8 4， 1 . 7 0 a n d 
2 . 1 5 m m , respectively. P r o s o m e l e n g t h (PL, m m ) a n d b o d y d r y w e i g h t {DW, m g ) o f 
c o p e p o d i t e s a n d adults o f Calanus sinicus c a n b e d e s c r i b e d b y t h e e q u a t i o n (Fig. 
2.42): 
D W - ^ 0 . 0 3 2 6 - 0 . 0 7 4 4 X + 0 . 0 5 2 7 P Z ? 
2.4.14 Seasonal change in sex composition in adults 
T h e s e x ratio a m o n g adults differed s e a s o n a l l y (Fig. 2.43). F e m a l e s u s u a l l y o u t 
n u m b e r e d m a l e s . F e m a l e s c o m p r i s e d a n a v e r a g e o f 8 6 . 1 4 % o f all adults. 
2.5 Discussions 
F o r s p e c i e s w i t h c o m p l e x life histories, p o p u l a t i o n s are c o n s i d e r e d to b e 
regulated, to a large d e g r e e , b y p h y s i c a l o c e a n o g r a p h i c p r o c e s s e s . C o p e p o d s in 
o t h e r m a r i n e e c o s y s t e m s s h o w life c y c l e s t u n e d to the p h y s i c a l characteristics o f that 
s y s t e m ( C o n o v e r 1 9 8 8 ) . T h e g e o g r a p h i c a l distribution o f C sinicus in coastal w a t e r 
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off n o r t h e r n T a i w a n s h o w e d that densities o f this s p e c i e s w e r e h i g h e s t b e t w e e n 
N o v e m b e r a n d D e c e m b e r . In F e b r u a r y , the center o f the p o p u l a t i o n s e e m e d to m o v e 
to m o r e s o u t h e r n e n d o f t h e s p e c i e s r a n g e in the n o r t h e r n part o f t h e S o u t h C h i n a S e a . 
T h i s g e o g r a p h i c a l shift o f the p o p u l a t i o n center m a y b e a c c o u n t e d for b y t w o r e a s o n s . 
Firstly, t h e w i n t e r N E m o n s o o n period, part o f the E a s t C h i n a S e a l o n g s h o r e c u r r e n t 
enters t h e S o u t h C h i n a S e a t h r o u g h the T a i w a n Strait, f o r m i n g a s t r o n g s o u t h w e s t drift 
c u r r e n t a n d c a r r y i n g a l o n g w i t h it s u c h species a s Calanus sinicus into the S o u t h 
C h i n a S e a . S e c o n d l y , t h e w i n t e r c o m e s faster in coastal w a t e r off n o r t h e r n T a i w a n 
t h a n in H o n g K o n g . T h e regional, dissimilar o c c u r r e n c e a n d distribution that are 
s e e n in C. sinicus off n o r t h e r n T a i w a n a n d outside P o r t Shelter, H o n g K o n g m a y b e 
e x p l a i n e d b y differences in t h e r m a l conditions. 
T e m p e r a t u r e affects rate o f d e v e l o p m e n t in c o p e p o d i t e s o f Calanus spp. ( C o r k e t 
et al,, 1 9 8 6 ) a n d , t h e r e b y l e n g t h o f life c y c l e s a n d t i m i n g o f i m p o r t a n t life history 
e v e n t s s u c h a s r e p r o d u c t i o n . W a t e r t e m p e r a t u r e off the n o r t h e r n tip o f T a i w a n 
r a n g e d f r o m 1 7 to 2 0 ° C in winter. T h e o p t i m a l t e m p e r a t u r e for C sinicus is a b o u t 
5 - 2 4 ° C a n d the o p t i m a l t e m p e r a t u r e for r e p r o d u c t i o n is a b o u t 1 0 - 1 8 ° C . U y e ( 1 9 8 8 ) 
f o u n d that the h a t c h i n g o f C . sinicus e g g s is possible b e t w e e n 5 a n d 2 3 ° C , a n d L i n 
a n d L i ( 1 9 8 6 ) s h o w e d that adult f e m a l e s o f this species c a n n o t s u r v i v e m o r e t h a n 3 
d a y s at 2 4 ° C . A c c o r d i n g to the w a t e r t e m p e r a t u r e , active g r o w t h a n d r e p r o d u c t i v e 
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o f Calanus sinicus in n o r t h e r n T a i w a n is c o n f i n e d to o n l y six m o n t h s o f the year, 
b e t w e e n N o v e m b e r a n d A p r i l w h e n w a t e r t e m p e r a t u r e is b e l o w 2 2 ° C . R e s u l t s 
p r e s e n t e d h e r e indicate that C sinicus in n o r t h e r n T a i w a n s p e n d s the w i n t e r m a i n l y a s 
C V , b u t there is a s m a l l p r o p o r t i o n o f adults. In b o t h winters, y o u n g e r s t a g e s w e r e 
either rare o r c o m p l e t e l y absent. C. sinicus d e c r e a s e d in p o p u l a t i o n size r a p i d l y after 
r e a c h i n g a n a n n u a l a b u n d a n c e p e a k in D e c e m b e r . S m a l l p o p u l a t i o n o f C V a n d 
adults w e r e r e c o v e r e d in F e b r u a r y to April. F r o m A p r i l o n w a r d , w a t e r t e m p e r a t u r e 
i n c r e a s e d g r a d u a l l y a n d r e a c h e d the m a x i m u m surface t e m p e r a t u r e o f > 2 8 。 C in July. 
T h e t h e r m a l r a n g e for the o c c u r r e n c e o f this species in n o r t h e r n T a i w a n m a y b e 
c o n f i n e d to a n a r r o w e r r a n g e . In m o r e o p e n w a t e r s (eg. C 5 0 0 0 ) off n o r t h e r n T a i w a n , 
the m a j o r i t y o f the p o p u l a t i o n m i g h t reside in the layer d e e p e r t h a n 6 0 m in s u m m e r , 
w h e r e the t e m p e r a t u r e is lower. S u m m e r t e m p e r a t u r e r a n g e d f r o m 2 4 to 2 9 ° C at the 
surface a n d d r o p p e d to b e t w e e n 1 7 a n d 2 8 at the b o t t o m . A g r a d u a l increase in 
the a b u n d a n c e o f y o u n g e r c o p e p o d i t e s f r o m J 皿 e to S e p t e m b e r s u g g e s t s that the 
p o p u l a t i o n s a n k to d e p t h s > 6 0 m w h e n surface t e m p e r a t u r e b e g a n to increase. In this 
sense, a v e r a g e w a t e r t e m p e r a t u r e in layers a b o v e 6 0 m d o e s n o t r e p r e s e n t the habitat 
t e m p e r a t u r e at these stations d u r i n g the w a r m seasons. S h a r p declines in p o p u l a t i o n 
in s u m m e r in areas w h e r e w a t e r d e p t h is s h a l l o w e r t h a n 6 0 m c a n b e interpreted 
chiefly as the result o f t e m p e r a t u r e stress. D u r i n g the h i g h t e m p e r a t u r e period, C. 
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sinicus r e s i d e d in t h e colder, d e e p e r layers. 
W a t e r t e m p e r a t u r e o u t s i d e P o r t shelter in H o n g K o n g r a n g e d f r o m 1 7 to 2 0 ° C in 
t h e w i n t e r . S u m m e r t e m p e r a t u r e r a n g e d f r o m 2 6 to 3 2 ° C at the s u r f a c e a n d d r o p p e d 
to b e t w e e n 2 3 a n d 2 8 ° C at t h e b o t t o m . S i n c e t h e s t u d y sites in H o n g K o n g are a 
s h a l l o w c o a s t a l area, therefore, p o p u l a t i o n o f Calanus sinicus c a n n o t s a n k to colder, 
d e e p e r l a y e r w h e n s u r f a c e w a t e r s b e g a n to w a r m . C sinicus o c c u r r e d o n l y in 
J a n u a r y a n d F e b r u a r y 2 0 0 1 a n d w e r e a b s e n t in all o t h e r m o n t h s d u r i n g t h e s t u d y 
p e r i o d . F o r better u n d e r s t a n d i n g o f t h e distribution a n d o c c u r r e n c e o f C . sinicus, t h e 
s t u d y a r e a in H o n g K o n g o r n o r t h e r n part o f t h e S o u t h C h i n a S e a s h o u l d b e e x p a n d e d 
to d e e p e r areas. 
T h e d e n s i t y o f C. sinicus w a s m u c h h i g h e r a n d fluctuated m o r e in coastal w a t e r 
o f f n o r t h e r n T a i w a n t h a n in P o r t Shelter, H o n g K o n g . D u r i n g t h e g r o w t h season， 
b e t w e e n N o v e m b e r a n d April, t e m p e r a t u r e s are l o w e r in n o r t h e r n T a i w a n t h a n in P o r t 
Shelter. I n addition, the l o w t e m p e r a t u r e c o n d i t i o n for C. sinicus t e n d e d to last 
l o n g e r in n o r t h e r n T a i w a n ( N o v e m b e r to A p r i l ) t h a n in w a t e r s a r o u n d H o n g K o n g 
( D e c e m b e r to M a r c h ) . 
E s t i m a t i o n o f the g e n e r a t i o n l e n g t h for C. sinicus is o f central i m p o r t a n c e in 
o r d e r to justify t h e m u l t i - g e n e r a t i o n scenario. F r o m the laboratory d a t a for e g g a n d 
n a u p l i a r d e v e l o p m e n t t i m e s o b t a i n e d in a p r e v i o u s s t u d y ( U y e , 1 9 8 8 ) , w e a t t e m p t e d to 
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e s t i m a t e the g e n e r a t i o n length o f Calanus sinicus. A s s u m i n g a habitat t e m p e r a t u r e 
o f 2 1 ° C ( w h i c h c o r r e s p o n d s to the a v e r a g e w a t e r t e m p e r a t u r e o v e r the s t u d y p e r i o d 
off n o r t h e r n T a i w a n ) a n d a p p l y i n g the relationship d e v e l o p e d b y U y e ( 1 9 8 8 ) : 
D c v i = 1258(T+0.7)- i.44 
w h e r e D e v i is t h e t i m e ( d a y s ) f r o m e g g - l a y i n g to C V I a n d T is t e m p e r a t u r e (°C). A n 
in situ t e m p e r a t u r e o f 2 1 ° C leads to total d e v e l o p m e n t f r o m e g g to adults is 1 5 d a y s 
•1258(21+0.7)-1.44 二 1 5 days]. B e c a u s e o f the 1 - m o n t h s a m p l i n g interval o f this 
s t u d y is l o n g e r t h a n the e s t i m a t e d g e n e r a t i o n length o f C. sinicus ( 1 5 days), it is 
difficult to j u d g e w h e t h e r o r n o t the o b s e r v e d p e a k s c o r r e s p o n d to m u l t i p l e 
generations. U y e ( 1 9 8 8 ) f o u n d that the o b s e r v e d g e n e r a t i o n t i m e o f C. sinicus w a s 
m u c h l o n g e r in X i a m e n H a r b o r t h a n in the laboratory w h e r e calculated d e v e l o p m e n t 
t i m e f r o m e g g to adult w a s 2 1 . 7 d a y s . T h r e e generations w e r e o b s e r v e d to o c c u r 
a n n u a l l y in X i a m e n H a r b o r . T h e o b s e r v e d generation t i m e in X i a m e n H a r b o r , in 
c o m p a r i s o n , w a s 2 - 3 m o n t h s for the first ( f r o m D e c e m b e r - J a n u a r y to F e b r u a r y - M a r c h ) 
a n d the s e c o n d ( f r o m F e b r u a r y - M a r c h to A p r i l - M a y ) generations. T h e l o n g e r 
d e v e l o p m e n t t i m e m a y b e a c o n s e q u e n c e o f the difference in f o o d c o n d i t i o n s a n d 
p h y s i o l o g i c a l characteristics b e t w e e n geographically-separated p o p u l a t i o n s . H e n c e , 
it is difficult to c o n f i r m the generation t i m e o f C sinicus off the n o r t h e r n tip o f 
T a i w a n either b y the laboratory data or field data. In tracing the d e v e l o p m e n t 
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s e q u e n c e o f e a c h cohort, it is e v i d e n t that a h i g h e r a b u n d a n c e o f y o u n g c o p e p o d i t e s 
d o e s n o t necessarily yield a h i g h a b u n d a n c e o f adults. D u r i n g s u m m e r , the 
a b u n d a n c e o f the C V stages a n d adults w a s h i g h e r t h a n that o f C I to C I I I stages. T h i s 
m a y b e d u e to i n t r o d u c t i o n o f C V a n d adults f r o m the E a s t C h i n a s e a a n d the Y e l l o w 
S e a into t h e n o r t h e r n parts o f the S o u t h C h i n a S e a . 
F o r h e r b i v o r o u s c o p e p o d s , the a b u n d a n c e o f p h y t o p l a n k t o n is o n e o f t h e m o s t 
i m p o r t a n t factors controlling the m a g n i t u d e o f their e g g p r o d u c t i o n ( R u n g e 1 9 8 5 ; 
H i r c h e a n d B o h r e r , 1 9 8 7 ; P e t e r s o n , 1 9 8 8 ) . If f o o d is sufficient, the e g g p r o d u c t i o n 
rates o f c o p e p o d s are affected b y t e m p e r a t u r e ( U y e , 1 9 8 1 ; A m b l e r , 1 9 8 6 ) . A l t h o u g h 
the c h l o r o p h y l l a c o n c e n t r a t i o n s outside P o r t Shelter in H o n g K o n g are m u c h h i g h e r 
t h a n t h o s e in n o r t h e r n T a i w a n , n o y o u n g e r c o p e p o d i t e s w e r e f o u n d in H o n g K o n g . 
H e n c e , it is a s s u m e d that the natural Calanus sinicus p o p u l a t i o n w a s n o t f o o d limited 
b u t the rate o f e g g p r o d u c t i o n w a s d e t e r m i n e d b y w a t e r t e m p e r a t u r e . S i n c e neither 
e g g s n o r nauplii w e r e collected in the p r e s e n t study, the o n l y i n f o r m a t i o n available 
a b o u t the r e p r o d u c t i o n o f C sinicus is the a b u n d a n c e o f adult f e m a l e s . D i e l a n d 
T a n d e ( 1 9 9 2 ) s u g g e s t e d that r e d u c t i o n in the c o p e p o d i t e stage ratio b e t w e e n C V I 
f e m a l e s a n d C V i m m e d i a t e l y after the m a i n s p a w n i n g c o u l d b e u s e d as a n indicator o f 
the s p a w n i n g e v e n t in Calanus finmarchicus. In o u r results, the r e d u c t i o n in the 
c o p e p o d i t e stage ratio i n d e x that b e g a n in F e b r u a r y off the n o r t h e r n tip o f T a i w a n w a s 
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m o s t l y likely d u e to r e d u c t i o n in the n u m b e r o f f e m a l e s , a s s u m i n g that s p a w n i n g o r 
s p e n t f e m a l e s h a v e a h i g h e r mortality rate. H e n c e , y o u n g c o p e p o d i t e s o f Calanus 
sinicus m o u r s t u d y w e r e m o s t a b u n d a n t in the s u m m e r m o n t h s . W a t e r t e m p e r a t u r e 
in s u m m e r m o n t h s i n c r e a s e d g r a d u a l l y a n d r e a c h e d the m a x i m u m s u r f a c e t e m p e r a t u r e 
o f > 2 8 ° C in July. C. sinicus o f y o u n g e r stages c a n reside in the colder, d e e p e r layers 
d u r i n g t h e h i g h t e m p e r a t u r e p e r i o d off the n o r t h e r n tip o f T a i w a n . T h e a b s e n c e o f 
y o u n g e r s t a g e s in H o n g K o n g m a y b e d u e to t w o reasons. Firstly, the p o p u l a t i o n o f 
y o u n g e r C. sinicus c a n n o t s a n k to colder, d e e p e r layer w h e n s u r f a c e w a t e r s 
t e m p e r a t u r e b e g a n to increase in s u m m e r . H e n c e , n o y o u n g e r c o p e p o d i t e s c a n 
survive. S e c o n d l y , the g r o w t h s e a s o n outside P o r t Shelter is shorter a n d 
t e m p e r a t u r e s are less suitable for C. sinicus to r e p r o d u c e . H o w e v e r , this factor is 
certainly i n t e r m i n g l e d w i t h effects o f a d v e c t i v e transport o f o c e a n i c currents. 
C o m p a r e d w i t h the adults, the l o n g e r d u r a t i o n for the o c c u r r e n c e o f C V m a y 
reflect a l o n g e r r e s i d e n c e t i m e o f the C V , as the m e a n a n n u a l a b u n d a n c e o f adults w a s 
less t h a n that o f the C V stage. T h e a n n u a l m e a n a b u n d a n c e o f C. sinicus C V w a s 
m u c h greater t h a n t h o s e o f other c o p e p o d i t e stages, indicating that C V lives l o n g e s t 
a m o n g the c o p e p o d i t e stages. U y e ( 1 9 8 8 ) f o u n d that the d u r a t i o n o f C V o f C 
sinicus w a s l o n g e s t at a n y t e m p e r a t u r e in the laboratory. 
A l t h o u g h the a b u n d a n c e s o f C . sinicus w e r e h i g h e r outside the inlet o f the 
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n u c l e a r p o w e r p l a n t w h e n c o m p a r i n g w i t h the outlet, n o significant t h e r m a l pollution 
w a s o b s e r v e d o u t s i d e the outlet o f the n u c l e a r p o w e r p l a n t w h e n c o m p a r i n g w i t h the 
inlet. H e n c e , t h e m o r t a l i t y o f Calanus sinicus is n o t d u e to the t h e r m a l effects o f the 
n u c l e a r p o w e r plant, b u t m a y b e d u e to o t h e r r e a s o n s . 
It is c o m m o n l y a c c e p t e d that the p h y s i o l o g i c a l rates o f z o o p l a n k t o n are g o v e r n e d 
b y b o d y size, w i t h s m a l l e r species h a v i n g the h i g h e r w e i g h t specific p h y s i o l o g i c a l 
rates ( I k e d a , 1 9 7 4 ; L y n c h , 1 9 7 7 ) . T h i s s u g g e s t s that s m a l l e r s p e c i e s m a y h a v e 
c o m p e t i t i v e a d v a n t a g e s o v e r larger o n e s . In this sense, the g r o w t h rate o f C sinicus 
is e x p e c t e d to b e l o w e r t h a n that o f o t h e r s m a l l e r species. T h e r e f o r e , it is surprising 
to find that t h e g r o w t h rate o f C. sinicus is h i g h e r t h a n that o f s m a l l e r s p e c i e s s u c h as 
Paracalanus parvus a n d Acartia clausi ( U y e , 1 9 8 8 ) . T h i s h i g h e r g r o w t h rate is o n e 
o f the r e a s o n s w h y C . sinicus is able to c o m p e t e w i t h s m a l l e r species a n d d o m i n a t e in 
the coastal w a t e r off t h e n o r t h e r n tip o f T a i w a n d u r i n g the w i n t e r m o n t h s . V i d a l 
( 1 9 8 0 ) c o n c l u d e d that the effect o f f o o d c o n c e n t r a t i o n o n individual g r o w t h b e c a m e 
p r o g r e s s i v e l y stronger w i t h increasing a g e a n d b o d y w e i g h t o f c o p e p o d s . It i m p l i e s 
that the g r o w t h o f i n t e r m e d i a t e a n d large-sized c o p e p o d s are controlled p r i m a r i l y b y 
f o o d availability, w h i l e that o f the s m a l l e r o n e s is m o r e sensitive to c h a n g e s in 
t e m p e r a t u r e . H e n c e , the f o o d for C. sinicus off the n o r t h e r n tip o f T a i w a n w a s n o t 
limited in the w i n t e r m o n t h s . 
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S e a s o n a l t e m p e r a t u r e c h a n g e s h a v e b e e n identified a s a p r i m a r y i n f l u e n c e o n 
b o d y size for a variety o f c o p e p o d s p e c i e s in estuarine a n d o c e a n i c e n v i r o n m e n t s , 
b a s e d o n b o t h o b s e r v a t i o n a l (field) a n d e x p e r i m e n t a l (laboratory) d a t a (e.g. L a n d r y , 
1 9 7 8 ; M c L a r e n a n d C o r k e t t， 1 9 8 1 ; D u r b i n et a l , 1 9 9 2 ) . T e m p e r a t u r e h a s u s u a l l y 
b e e n f o u n d to i n f l u e n c e b o d y size in r e g i o n s w i t h a large a n n u a l t e m p e r a t u r e r a n g e 
(e.g. D e e v e y , 1 9 6 0 ; M c L a r e n , 1 9 6 3 ) o r w h e r e f o o d is a b u n d a n t (e.g. K l e i n B r e t e l e r 
a n d G o n z a l e z , 1 9 8 8 ) . It h a s b e e n s u g g e s t e d that, since f o o d is u s u a l l y s e a s o n a l l y 
a b u n d a n t in r e g i o n s w i t h a b o a r d s e a s o n a l t e m p e r a t u r e r a n g e , the availability o f f o o d 
to t h e a n i m a l s is n o t limiting a n d therefore h a s little effect o n t h e u l t i m a t e b o d y size 
( M c L a r e n , 1 9 6 3 ) . R e g r e s s i o n s o f p r o s o m e length, for e a c h s e p a r a t e s t a g e a n d sex, 
a g a i n s t t e m p e r a t u r e w e r e carried o u t for s p e c i m e n s collected f r o m n o r t h e r n T a i w a n . 
P r e v i o u s l y , s u c h relationships h a v e b e e n r e p o r t e d to b e m o r e m a r k e d in o l d e r stages 
( U y e et al., 1 9 8 2 ; L i n g a n d U y e , 1 9 9 6 ; L i a n g et a l , 1 9 9 6 ) , a n d s e a s o n a l c h a n g e s in 
p r o s o m e l e n g t h in t h e c u r r e n t investigations w e r e also greater in m a n y o f t h e o l d e r 
s t a g e s o f Calanus sinicus. T h e p r e s e n t u s e o f s p e c i m e n s p r e s e r v e d in f o r m a l i n for 
D W d e t e r m i n a t i o n s m a y n o t b e valid since loss o f o r g a n i c m a t t e r c o u l d o c c u r d u r i n g 
s t o r a g e ( H o p k i n s , 1 9 6 8 ; F u d g e , 1 9 6 8 ) . N e v e r t h e l e s s , the m a g n i t u d e o f error c a u s e d 
b y f o r m a l i n p r e s e r v a t i o n is relatively s m a l l a n d u n i m p o r t a n t for b r o a d c o m p a r i s o n s 
b e t w e e n s t a g e s o f dissimilar s p e c i e s ( G r u z o v a n d A l e k s e y e v a , 1 9 7 0 ) . 
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Fig 2.3 Seasonal changes in (a) temperature (�C) and (b) salinity (义。） 
at station B500 off northern Taiwan. 
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Fig. 2.5 Seasonal changes in (a) temperature (�C) and (b) salinity (。/。。） 
at station B2000 off northern Taiwan. 
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Fig. 2.25 Seasonal occurrence of Calanus sinicus (CI to CVI) at 
different stations outside Port Shelter, Hong Kong. 
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Fig. 2.26 Seasonal occurrence of different stages of Calanus sinicus at 
station I outside Port Shelter, Hong Kong. 
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Fig. 2.28 Seasonal occurrence of different stages of Calanus sinicus at 
station III outside Port Shelter, Hong Kong. 
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Fig. 2.28 Seasonal occurrence of different stages of Calanus sinicus at 
station III outside Port Shelter, Hong Kong. 
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Fig. 2.29 Seasonal occurrence of different stages of Calanus sinicus at 
station IV outside Port Shelter, Hong Kong. 
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Fig. 2.28 Seasonal occurrence of different stages of Calanus sinicus at 
station III outside Port Shelter, Hong Kong. 
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Fig. 2.31 S e a s o n a l variations in abundance of Calanus sinicus of different developmental 
stages ( C I to C V I ) off n o r t h e r n T a i w a n . V a l u e s represent the a v e r a g e o f s e v e n s a m p l i n g 
stations. 
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Fig. 2 . 3 2 S e a s o n a l variations in a b u n d a n c e o f Calanus sinicus o f different d e v e l o p m e n t a l ‘ 
stages ( C I to C V I ) outside P o r t Shelter, H o n g K o n g . E a c h p o i n t represents the a v e r a g e o f 
five s a m p l i n g stations. 
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Fig. 2.34 Seasonal change in biomass of Calanus sinicus (CI to CVI) 
at different stations off northern Taiwan. 
74 
Station I Station I V 
i h 。.： vV + 
Station II Station V 
fe 4 4 ” 
ojo T \ 。： A f 2 \ \ 2 / \ 
^ 0 工一厂 0 — 「 >  
Q 2001 2002 
Station III 
3 -
1 t \ . . . . 0 十 - n ^ > * » ^ t t * » * ' * » 
2001 2002 
Fig. 2.35 Seasonal change in biomass of Calanus sinicus (CI to CVI) 
at different stations outside Port Shelter, Hong Kong. 
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Fig. 2.36 Seasonal change in abundance of copepods (not including 
nauplii) at different stations off northern Taiwan. 
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Fig. 2.37 Seasonal change in abundance of copepods (not including 
nauplii) at different stations outside Port Shelter, Hong Kong. 
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Fig. 2.38 Seasonal change in biomass of all copepods (not including 
nauplii) at different stations off northern Taiwan. 
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Fig. 2.39 Seasonal change in biomass of all copepods (not including 
nauplii) at different stations outside Port Shelter, Hong Kong. 
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adults o f Calanus sinicus collected in coastal w a t e r o f f n o r t h e r n T a i w a n . E a c h p o i n t 
r e p r e s e n t s the m e a n v a l u e o f the s e v e n s a m p l i n g stations. Vertical line d e n o t e s S D . 
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Fig. 2 . 4 1 R e l a t i o n s h i p b e t w e e n a v e r a g e w a t e r t e m p e r a t u r e a n d m e a n p r o s o m e length o f v a r i o u s 
c o p e p o d i t e stages a n d adults of Calanus sinicus collected in coastal w a t e r o f f n o r t h e r n T a i w a n . 
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Fig. 2 . 4 2 R e l a t i o n s h i p b e t w e e n p r o s o m e length a n d b o d y d r y w e i g h t o f v a r i o u s c o p e p o d i t e 
stages a n d adults o f Calanus sinicus collected in coastal w a t e r o f f n o r t h e r n T a i w a n 
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Fig. 2 . 4 3 S e a s o n a l c h a n g e in s e x ratio a m o n g adults o f Calanus sinicus in coastal w a t e r o f f n o r t h e r n 
T a i w a n . N o a d u l t m a l e s o r f e m a l e s w e r e r e c o r d e d f r o m A u g u s t to O c t o b e r . 
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T a b l e . 2.1 C o o r d i n a t e s o f s a m p l i n g stations in n o r t h e r n T a i w a n a n d P o r t Shelter, H o n g 
K o n g . 
Station L o n g i t u d e L a t i t u d e 
N o r t h e r n T a i w a n ^ 1 2 1 . 3 5 . 5 4 8 E 2 5 . 1 8 . 0 4 5 N 
B I O O O 1 2 1 . 3 5 . 4 9 9 E 2 5 . 1 8 . 2 3 2 N 
B 2 0 0 0 1 2 1 . 3 6 . 0 4 7 E 2 5 . 1 8 . 6 8 9 N 
C 5 0 0 1 2 1 . 3 5 . 8 9 7 E 2 5 . 1 7 . 9 6 4 N 
C l O O O 1 2 L 3 6 . 1 0 0 E 2 5 . 1 8 . 1 7 0 N 
C 2 0 0 0 1 2 1 . 3 6 . 4 5 8 E • 2 5 . 1 8 . 7 3 3 N 
C 5 0 Q Q 1 2 1 . 3 7 . 5 7 0 E 2 5 . 1 9 . 8 8 2 N  
P o r t Shelter I 1 1 4 . 1 9 . 1 6 1 E 2 2 , 1 6 . 6 0 7 N 
II 1 1 4 . 1 9 . 4 8 4 E 2 2 . 1 7 . 0 8 3 N 
III 1 1 4 . 1 9 . 8 0 6 E 2 2 . 1 7 . 5 5 9 N 
I V 1 1 4 . 2 0 . 1 2 9 E 2 2 . 1 7 . 9 7 6 N 
V 1 1 4 . 2 0 . 3 8 7 E 2 2 . 1 8 . 3 9 3 N  
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T a b l e 2 . 2 A b u n d a n c e o f all stages o f Calanus sinicus ( C I to C V I ) at different stations 
o f f n o r t h e r n T a i w a n a n d outside P o r t Shelter, H o n g K o n g . 
D e n s i t y (ind. m " ^ ) 
Station M a x i m u m M e a n o v e r 
( M o n t h ) s t u d y p e r i o d 
N o r t h e r n B ^ 1 6 ( D e c 2 0 0 1 ) l o 
T a i w a n B I O O O 8.8 ( D e c 2 0 0 1 ) 2.3 
B 2 0 0 0 4 2 ( D e c 2 0 0 0 ) 5.5 
C 5 0 0 5 8 ( D e c 2 0 0 1 ) 5.8 
C l O O O 1 7 ( D e c 2 0 0 1 ) 4.1 
C 2 0 0 0 1 0 0 ( D e c 2 0 0 0 ) 1 3 
C 5 Q 0 0 1 0 0 ( D e c 2 0 0 1 ) 2 1 
P o r t Shelter I 2 7 ( M a r 2 0 0 1 ) ^ 
II 3 1 ( M a r 2 0 0 1 ) 2.6 
III 2 7 ( M a r 2 0 0 1 ) 2.6 
I V 9.1 ( M a r 2 0 0 1 ) 0 . 6 5 
V 3 1 ( M a r 2 0 0 1 ) 2.6 
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T a b l e 2.3 A b u n d a n c e o f c o p e p o d s ( n o t i n c l u d i n g nauplli) at different stations o f f 
n o r t h e r n T a i w a n a n d outside P o r t Shelter, H o n g K o n g . 
D e n s i t y (ind. m " ^ ) 
Station M a x i m u m M e a n o v e r 
( M o n t h ) s t u d y p e r i o d 
N o r t h e r n 1 3 0 0 0 (Jul 2 0 0 1 ) 
T a i w a n B I O O O 1 2 0 0 0 (Jul 2 0 0 1 ) 1 7 0 0 
B 2 0 0 0 9 7 0 0 (Jul 2 0 0 1 ) 1 9 0 0 
C 5 0 0 7 6 0 0 (Jul 2 0 0 1 ) 1 6 0 0 
C I 0 0 0 1 5 0 0 0 (Jul 2 0 0 1 ) 2 2 0 0 
C 2 0 0 0 2 0 0 0 0 (Jul 2 0 0 1 ) 3 0 0 0 
C 5 Q Q Q 2 8 0 0 0 ( J u n 2 0 0 1 ) 3 5 0 0 
P o r t Shelter I 3 1 0 0 0 ( A u g 2 0 0 1 ) ^ 
II 3 8 0 0 0 ( A u g 2 0 0 1 ) 6 3 0 0 
III 5 6 0 0 0 ( A u g 2 0 0 1 ) 7 5 0 0 
I V 7 2 0 0 0 ( A u g 2 0 0 1 ) 8 2 0 0 
V 3 1 0 0 0 ( A u g 2 0 0 1 ) 5 6 0 0 
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Chapter 3 Diel vertical migration and gut pigment rhythm of the 
planktonic copepod Calanus sinicus 
3.1 Literature review 
3.1.1 Diel vertical migration of Calanus sinicus 
D i e l vertical m i g r a t i o n is a w i d e s p r e a d p h e n o m e n o n w h i c h is k n o w n to exist in 
m a n y t a x a o f z o o p l a n k t e r s . H u t c h i n s o n ( 1 9 6 7 ) p r o v i d e s a t h o r o u g h d i s c u s s i o n o f 
variations in the vertical m o v e m e n t s o f c o p e p o d s . M o s t species rise to t h e u p p e r 
w a t e r s at n i g h t in a " n o c t u r n a l " m i g r a t i o n . In s o m e cases, there are t w o p e r i o d s o f 
m a x i m a n e a r the surface, the first just after d u s k a n d the s e c o n d just b e f o r e d a w n . 
T h e s e u b i q u i t o u s p h e n o m e n a p u z z l e m a n y ecologists since the m i g r a t i n g a n i m a l s 
s p e n d e n e r g y to p u t t h e m s e l v e s in a n u n f a v o r a b l e e n v i r o n m e n t w h i c h is c o l d a n d 
food-limited. 
L i g h t is still c o n s i d e r e d to b e the p r i m e e n v i r o n m e n t a l factor controlling the 
diel vertical m i g r a t i o n o f c o p e p o d s a n d m a n y other p l a n k t o n i c o r g a n i s m s . T r a n t e r et 
al ( 1 9 8 1 ) successfully c a u g h t a variety o f s h a l l o w w a t e r c o p e p o d s in a light-trap, 
especially at d u s k a n d d a w n or w h e n the m o o n sets. 
T h e b e h a v i o u r w a s b e l i e v e d to b e c a u s e d b y m o v e m e n t s t o w a r d s light w h e n 
light intensities d e c r e a s e d a n d a w a y f r o m light w h e n light intensities increased. T h e 
g e n e r a l description o f light control, a l t h o u g h w i d e l y accepted, is n o t universal a n d 
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c a n n o t , for e x a m p l e , a p p l y to reverse m i g r a t i o n in w h i c h the a n i m a l s m o v e d o w n w a r d 
at n i g h t a n d return to the surface in the day. In a n y case, reverse m i g r a t i o n c a n n o t 
o c c u r u n l e s s the ‘normal，light r e s p o n s e is o v e r r i d d e n b y s o m e e n v i r o n m e n t a l factors 
(eg. m e c h a n i c a l o r olfactory signs created b y predators) or r e v e r s e d t h r o u g h selection 
o f g e n o t y p e s w i t h a reverse-phototactic r e s p o n s e ( O h m a n et al., 1 9 8 3 ; F e d o r e n k o , 
1 9 7 5 ) . 
Calanus sinicus p e r f o r m e d clear diurnal vertical m i g r a t i o n in the B o h a i , b u t their 
b e h a v i o u r w a s s o m e w h a t different at different stations ( W a n g et al., 1 9 9 8 ) . C 
sinicus p e r f o r m e d m o r e distinct diurnal vertical m i g r a t i o n s in stations w h e r e the 
t h e r m o c l i n e w a s w e l l d e v e l o p e d . T h e r e s p o n s e to a t h e r m o c l i n e varies b e t w e e n 
species a n d d e v e l o p m e n t a l stage a n d G u s h i n g ( 1 9 5 1 ) c o n c l u d e d that the m i g r a t i o n 
w a s really o n l y m o d i f i e d w h e n the t e m p e r a t u r e s w e r e n e a r t h o s e defining the 
distributional limits o f the species c o n c e r n e d . T h e t h e r m o c l i n e is a s e a s o n a l 
p h e n o m e n o n in m i d d l e to h i g h e r latitudes a n d W i l l i a m s ( 1 9 8 5 ) s h o w e d that Calanus 
finmarchicus a n d Calanus helgolandicus in the Celtic S e a react differently to the 
t h e r m o c l i n e a n d halocline. T h e m o r e northern-living C. finmarchicus is at its 
s o u t h e r n limit o f g e o g r a p h i c a l distribution in this region a n d c o n s e q u e n t l y the 
t e m p e r a t u r e w i t h i n a n d a b o v e the t h e r m o c l i n e present a barrier to its u p w a r d 
migration. T h e m o r e s o u t h e r n C. helgolandicus m a y b e restricted to w a t e r layers 
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a b o v e t h e t h e r m o c l i n e b e c a u s e o f the l o w e r t e m p e r a t u r e b e l o w it. 
S e v e r a l studies o n Calanus finmarchicus in v a r i o u s parts o f the n o r t h Atlantic 
O c e a n (Nicholls, 1 9 3 3 ; F a r r a n , 1 9 4 7 ) h a v e d o c u m e n t e d age-specific d i f f e r e n c e s o n 
diel vertical m i g r a t i o n b e h a v i o u r . U y e ( 1 9 9 0 ) studied o n t o g e n e t i c diel vertical 
m i g r a t i o n o f Calanus sinicus in the I n l a n d S e a o f J a p a n in S e p t e m b e r . O n t o g e n e t i c 
diel vertical m i g r a t i o n s o c c u r w h e n the d e v e l o p m e n t a l stages o f a s p e c i e s w i t h i n the 
s a m e w a t e r c o l u m n h a v e distinct b a t h y m e t r i c r a n g e s o v e r the diel cycle. T h e m o s t 
c o m m o n pattern o f distribution is for the y o u n g e r c o p e p o d i d s to live h i g h e r in the 
w a t e r c o l u m n a n d o l d e r o n e s p r o g r e s s i v e l y d e e p e r . U y e ( 1 9 9 0 ) f o u n d that the 
c o p e p o d i t e s t a g e s C I to III o f C. sinicus w e r e restricted to the u p p e r layer t h r o u g h o u t 
the d a y a n d d i d n o t u n d e r g o diel vertical m i g r a t i o n . T h e studies o n C . finmarchicus 
also indicated that the early c o p e p o d i t e stages ( C I a n d CII) are n o n - m i g r a t o r y 
(Nicholls, 1 9 3 3 ) . H o w e v e r , adult f e m a l e s a n d m a l e s C. sinicus e x h i b i t e d c o m p l e t e l y 
different m i g r a t i o n b e h a v i o r s ( U y e , 1 9 9 0 ) . F e m a l e s w e r e distributed t h r o u g h o u t the 
w a t e r c o l u m n , a n d exhibited strong diel vertical m i g r a t i o n ( U y e , 1 9 9 0 ) . In contrast, 
there w e r e n o diel vertical m i g r a t i o n for m a l e s ( U y e , 1990). T h e m i g r a t o r y b e h a v i o r 
o f C. sinicus is similar to that o f C. finmarchicus. T h e late c o p e p o d i t e s m i g r a t e , w i t h 
the C V a n d C V I stages h a v i n g the m o s t extensive m i g r a t i o n s (Clarke, 1 9 3 4 ) , 
T h e o n t o g e n e t i c diel vertical m i g r a t i o n o f C. sinicus w a s investigated in the 
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I n l a n d S e a o f J a p a n in N o v e m b e r a n d M a r c h b y U y e ( 1 9 9 2 ) . C V a n d C V I a l w a y s 
a v o i d e d t h e s u r f a c e w a t e r in the d a y t i m e , a g g r e g a t e d just b e l o w t h e c h l o r o p h y l l 
m a x i m u m layer in N o v e m b e r a n d s t a y e d w i t h i n the c h l o r o p h y l l m a x i m u m layer in 
M a r c h . S u r f a c e a v o i d a n c e a n d d a y t i m e d e p t h o f a g g r e g a t i o n m a y b e a p r o d u c t o f 
c o m p r o m i s e b e t w e e n f e e d i n g a n d e s c a p e f r o m visual predators. In o t h e r w o r d s , the 
benefits o f s t a y i n g in the f o o d - r i c h layer are b a l a n c e d b y vulnerability to predators. 
H o w e v e r , t h e division o f factors as either control m e c h a n i s m s o r a d a p t i v e significance 
is p r o b a b l y least u s e f u l in the c a s e o f f o o d . T h e i m p o r t a n c e o f f o o d in vertical 
m i g r a t i o n s o f z o o p l a n k t o n is often u s e d in e v o l u t i o n a r y a r g u m e n t . T h e r e is also 
c o m p e l l i n g e v i d e n c e that f o o d c a n also act as a p r o x i m a t e c a u s e for m i g r a t i o n b y 
i n f l u e n c i n g t h e t i m i n g o f m i g r a t i o n as w e l l as the d e p t h distribution o f a n i m a l s . 
G a u l d ( 1 9 5 3 ) p r o p o s e d that f o o d a b u n d a n c e m e d i a t e d t h r o u g h h u n g e r o r satiation 
c o u l d act a s t h e p r o x i m a l signal for u p w a r d a n d d o w n w a r d m i g r a t i o n s o f m a r i n e 
c o p e p o d s . 
M a n y h y p o t h e s e s h a v e b e e n p r o p o s e d to e x p l a i n the a d a p t i v e significance o f diel 
vertical m i g r a t i o n . E m p h a s i s h a s b e e n p u t o n a v o i d a n c e o f h a r m f u l ultra-violet 
radiations ( B o l l e n s a n d Frost, 1 9 9 0 ) , d e m o g r a p h i c benefits ( M c L a r e n , 1 9 7 4 ) a n d 
energetic a d v a n t a g e ( E n r i g h t 1 9 7 7 ; E n r i g h t a n d H o n e g g e r , 1977). H o w e v e r , e a c h o f 
these h y p o t h e s e s h a s its o w n d r a w b a c k s . R e c e n t studies h a v e p r o v i d e d d a t a to 
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s u g g e s t that p r e d a t i o n is a m a j o r driving force o f diel vertical m i g r a t i o n (Fancett a n d 
K i m m e r e r , 1 9 8 5 ; O h m a n , 1 9 9 0 ; B o l l e n s a n d Frost, 1 9 9 1 ; B o l l e n s et al., 1 9 9 2 ) . T h e 
p r e s e n c e o f visual p r e d a t o r s s u c h as fish, or e v e n fish m i m i c s , h a s also b e e n s h o w n to 
i n d u c e a d o w n w a r d s w i m m i n g r e s p o n s e in s o m e c o p e p o d s , possibly b y the c o p e p o d s 
detecting the s h a d o w o f the p r e d a t o r — a s h a d o w r e s p o n s e ( B o l l e n s a n d Frost, 1 9 9 1 ; 
B o l l e n s et al., 1 9 9 2 ) . F o r w a r d ( 1 9 8 8 ) d i s c u s s e d this s h a d o w r e s p o n s e to p r e d a t o r s in 
s o m e details. T h e p r e s e n c e o f predators m a y v e r y w e l l reinforce light c u e s for the 
d o w n w a r d m i g r a t i o n in m a n y species o f regularly m i g r a t i n g c o p e p o d s . F r o s t ( 1 9 8 8 ) , 
h o w e v e r , e x a m i n i n g p o p u l a t i o n s o f Calanus pacificus in D a b o b B a y , W a s h i n g t o n , 
c o n c l u d e d that p r e d a t o r a v o i d a n c e is the m a j o r selective force for the o c c u r r e n c e o f 
diel m i g r a t i o n . E v i d e n c e h a s b e e n o b t a i n e d in laboratory studies, field studies a n d 
m a n i p u l a t e d field studies. U n u s u a l reverse diel vertical m i g r a t i o n in z o o p l a n k t o n 
u n d e r certain c o n d i t i o n s p r o v i d e s c o n v i n c i n g s u p p o r t for the p r e d a t o r a v o i d a n c e 
hypothesis. 
3.1.2 Diel feeding rhythm of Calanus sinicus 
In a f o o d stratified w a t e r b o d y , z o o p l a n k t o n p e r f o r m i n g diel vertical m i g r a t i o n 
will m o v e f r o m the f o o d - a b u n d a n t surface layer to the food-scarce d e e p e r layer. 
C o n s e q u e n t l y , the m i g r a t i n g z o o p l a n k t o n will inevitably s h o w a diel r h y t h m in g u t 
91 
c o n t e n t . T h e a p p e n d a g e s o f c o p e p o d u s e d in f e e d i n g are the a n t e n n u l e s , a n t e n n a e , 
m a n d i b l e s , m a x i l l u l e s a n d m a x i l l a e . T h e y are m o s t d e v e l o p e d in C V s a n d adult 
f e m a l e s . A d u l t m a l e s o f m a n y s p e c i e s h a v e r e d u c e d a p p e n d a g e s a n d d o n o t f e e d 
( M a r i n , 1 9 8 8 ; S c h n a c k - S c h i e l etal., 1 9 9 1 ) . 
T w o t y p e s o f diel f e e d i n g r h y t h m s h a v e b e e n described: u n i m o d a l w h e r e a single 
p e a k o f g u t c o n t e n t w a s f o u n d at n i g h t a n d b i m o d a l w h e r e g u t p i g m e n t c o n t e n t p e a k s 
at a r o u n d s u n s e t a n d sunrise, b u t w e r e l o w e r at the p e r i o d in b e t w e e n , s u g g e s t i n g that 
f e e d i n g activity o f the z o o p l a n k t e r s declines b e t w e e n t w o active f e e d i n g periods. 
A l t h o u g h u n i m o d a l f e e d i n g r h y t h m is m o s t frequently e n c o u n t e r e d , o b s e r v a t i o n o f 
b i m o d a l f e e d i n g r h y t h m w a s n o t u n c o m m o n . D i e l vertical m i g r a t i o n s are c o n s i d e r e d 
to b e controlled b y c h a n g i n g e n v i r o n m e n t a l light intensities, the a n i m a l s m i g r a t i n g 
t o w a r d s the surface as d u s k a p p r o a c h e s , r e m a i n i n g in the surface layers d u r i n g 
d a r k n e s s , a n d m o v i n g d o w n w a r d s at d a w n . T h e adaptative significance for s u c h 
b e h a v i o r h a v e b e e n d i s c u s s e d earlier. A l t h o u g h the existence o f a n e n d o g e n o u s 
c o m p o n e n t h a s b e e n p r o p o s e d ( D u v a l a n d G e e n , 1976)，external factors like f o o d 
availability ( H u n t l e y a n d B r o o k s , 1 9 8 2 ) a n d risk o f predation ( B o l l e n s a n d Frost, 
1 9 8 9； B o l l e n s a n d Sterans, 1 9 9 2 ; B o l l e n s et al., 1 9 9 4 ) h a v e b e e n c o n s i d e r e d as 
potential triggering c o m p o n e n t s o f c o p e p o d diel feeding r h y t h m s . F e e d i n g i m p l i e s 
h i g h e r motility, a n d c o n s e q u e n t l y h i g h e r probability o f e n c o u n t e r rates (Gerritsen a n d 
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Strickier, 1 9 7 7 ) a n d i n c r e a s e d risk o f p r e d a t i o n d u e to the p r o d u c t i o n o f h y d o d y n a m i c 
s i g n a l s w h i c h c a n b e d e t e c t e d b y c a r n i v o r o u s c o n s u m e r s (Tiselius et al” 1 9 9 5 ) . 
W h e n f o o d is scarce, z o o p l a n k t e r s m u s t s p e n d m o r e t i m e s e a r c h i n g for f o o d . W h e n 
motility i n c r e a s e s , s o d o e s c o n s p i c u o u s n e s s a n d p r e d a t i o n risk ( P i o n t k o v s k i i a n d 
P e t i p a , 1 9 7 6 ; Tiselius, 1 9 9 2 ; Saiz, 1 9 9 4 ) . B y the a b o v e r e a s o n i n g , w h e n f o o d is 
limited, t h e r e is a b a l a n c e b e t w e e n t h e n e c e s s i t y to f e e d c o n t i n u o u s l y to o b t a i n t h e 
m i n i m u m f o o d r e q u i r e m e n t s a n d t h e n e e d to r e d u c e t h e risk o f p r e d a t i o n . 
A c c o r d i n g l y , w h e t h e r u n i m o d a l o r b i m o d a l f e e d i n g r h y t h m will b e o b s e r v e d d e p e n d s 
o n t h e f o o d s u p p l y o f t h e e n v i r o n m e n t a n d t h e f o o d d e m a n d o f i n d i v i d u a l species. 
3.1.3 Measurement of grazing rate 
A variety o f m e t h o d s h a v e b e e n u s e d to investigate c o p e p o d f e e d i n g b e h a v i o r 
a n d to m e a s u r e g r a z i n g rates. T e c h n i q u e s r a n g e f r o m m i c r o c i n e m a t o g r a p h i c 
o b s e r v a t i o n s o f f e e d i n g in restrained i n d i v i d u a l a n i m a l s ( A l c a r a z et al,, 1 9 8 0 ) , a n d 
i n c u b a t i o n e x p e r i m e n t s w i t h either i n d i v i d u a l species，stages o r c o m m u n i t i e s in vitro 
(Frost, 1 9 7 2 ; P o u l e t , 1 9 7 4 ) , to so-called in vivo m e t h o d s , s u c h a s in situ 
r a d i o a c t i v e - l a b e l l i n g e x p e r i m e n t s ( H a n e y a n d Hall, 1 9 7 5 ; R o m a n a n d R u b l e e , 1 9 8 1 ) 
a n d g u t f l u o r e s c e n c e m e t h o d s ( M a c k a s a n d B o h r e r , 1 9 7 6 ; B o y d et al” 1 9 8 0 ; 
N i c o l a j s e n et al., 1 9 8 3 ) . E a c h o f t h e s e m e t h o d s h a s s o m e d r a w b a c k s . T h e ability 
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to s t u d y diel variations in g r a z i n g rate a n d the g r a z i n g i m p a c t o f c o p e p o d s o n 
p h y t o p l a n k t o n a s s e m b l a g e s w a s limited b y m e t h o d o l o g i c a l p r o b l e m s a s s o c i a t e d w i t h 
m e a s u r i n g t h e rate o f r e m o v a l o f particles u s i n g electronic particle c o u n t e r s ( R o m a n 
a n d R u b l e e , 1 9 8 0 ) . C o n t a i n e r effects associated w i t h i n c u b a t i o n m a k e it difficult to 
m e a s u r e diel variations in c o p e p o d f e e d i n g rates ( R o m a n a n d R u b l e e , 1 9 8 0 ) . 
F u r t h e r m o r e , it is n o t feasible to m e a s u r e the 2 4 h ingestion o r filtration rates o f 
s e v e r a l d e v e l o p m e n t stages o f e a c h d o m i n a n t s p e c i e s p r e s e n t in a n y g i v e n c o p e p o d 
a s s e m b l a g e s i m u l t a n e o u s l y . In the laboratory, d e t e r m i n a t i o n o f ingestion rates o f 
e v e n a f e w different d e v e l o p m e n t a l stages o f a single c o p e p o d s p e c i e s m a y t a k e 
m o n t h s to c o m p l e t e (Paffenhofer, 1 9 7 1 ; P a f f e n h o f e r , 1 9 8 4 ) . 
In t h e g u t f l u o r e s c e n c e m e t h o d , levels o f c h l o r o p h y l l a n d its p h a e o p i g m e n t 
b r e a k d o w n p r o d u c t s are m e a s u r e d in c o p e p o d guts. R a t e s o f c h a n g e o f g u t p i g m e n t 
levels in c o p e p o d s in vitro h a v e b e e n u s e d as direct m e a s u r e m e n t s o f ingestion rate 
( D a g g , 1 9 8 3 ; D a g g a n d W a l s e r , 1 9 8 7 ) a n d m e a s u r e m e n t s o f g u t p i g m e n t levels f r o m 
c o p e p o d s in situ h a v e b e e n w i d e l y u s e d to investigate spatial, s e a s o n a l a n d d i u m a l 
g r a z i n g patterns ( M a c k a s a n d B o h r e r , 1 9 7 6 ; B o y d et al., 1 9 8 0 ; B a a r s a n d O o s t e r h u i s , 
1 9 8 4 ) . In o r d e r to calculate in vivo ingestion rates f r o m in situ c o p e p o d g u t p i g m e n t 
levels, g u t t u r n o v e r rates m u s t b e k n o w n . T h e s e h a v e usually b e e n e q u a t e d w i t h g u t 
c l e a r a n c e rates calculated f r o m the rate o f loss o f g u t p i g m e n t in c o p e p o d s i n c u b a t e d 
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in filtered s e a w a t e r ( M a c k a s a n d B o r h e r , 1 9 7 6 ; K i o r b o e et al., 1 9 8 2 ; H e a d , 1 9 8 6 ) , 
w h i c h c a n b e d e s c r i b e d b y the f o l l o w i n g e q u a t i o n d C / d t = - k C , w h e r e C is the 
c o n c e n t r a t i o n o f g u t p i g m e n t at t i m e t a n d k is the defecation, o r g u t e v a c u a t i o n rate 
constant. 
H o w e v e r , s e v e r a l studies h a v e s h o w n that c h l o r o p h y l l a a n d its d e r i v e d 
p h a e o p i g m e n t s c a n n o t b e c o n s i d e r e d a s c o n s e r v a t i v e tracers o f p h y t o p l a n k t o n 
b i o m a s s . A l t h o u g h s o m e a u t h o r s r e p o r t e d either insignificant p i g m e n t losses 
r a n g i n g f r o m 1 0 to 3 5 % o f i n g e s t e d p i g m e n t ( D a g g a n d W a l s e r , 1 9 8 7 ; K i o r b o e a n d 
Tiselius, 1 9 8 7 ; P a s t e r n a k , 1 9 9 4 ; P e t e r s o n a n d D a m , 1 9 9 6 ) o r z e r o d e g r a d a t i o n 
( P a s t e r n a k a n d Drits, 1 9 8 8 ; P e t e r s o n et al., 1 9 9 0 ) , o t h e r studies s u g g e s t e d that a 
significant fraction o f p h y t o p l a n k t o n c h l o r o p h y l l c o u l d b e d e g r a d e d into 
n o n - f l u o r e s c e n t p r o d u c t s d u r i n g g u t p a s s a g e ( C o n o v e r et al., 1 9 8 6 ; W a n g a n d 
C o n o v e r , 1 9 8 6 ; L o p e z et al., 1 9 8 8 ; P e n r y a n d Frost, 1 9 9 1 ; H e a d , 1 9 9 2 ; H e a d a n d 
Harris, 1 9 9 2 , 1 9 9 6 ; M a y z a u d a n d R a z o u l s , 1 9 9 2 ) . T h e variability o f r e p o r t e d 
d e g r a d a t i o n rates h a s m a d e interpretation o f the m e c h a n i s m o f p i g m e n t destruction 
to 
difficult. In fact, the p e r c e n t a g e o f p i g m e n t s lost varies either w i t h i n o r a c r o s s the 
species. T o e x p l a i n this variability, it h a s b e e n s u g g e s t e d that c h l o r o p h y l l 
destruction is to s o m e e x t e n t related to the f e e d i n g history o f the a n i m a l s ( L o p e z et al., 
1 9 8 8 ; P e n r y a n d Frost, 1 9 9 1 ; H e a d , 1 9 9 2 ; M a y z a u d a n d R a z o u l s , 1 9 9 2 ) . 
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Typically, a n i m a l s collected d u r i n g the d a y c o n t a i n l o w e r g u t p i g m e n t t h a n 
a n i m a l s collected at night. H o w e v e r , it is difficult to c o n c l u d e w h e t h e r diel f e e d i n g 
r h y t h m is related to diel vertical m i g r a t i o n . 
3.2 Introduction 
D i e l vertical m i g r a t i o n o f m a r i n e z o o p l a n k t o n is w e l l k n o w n a n d h a s b e e n 
e x t e n s i v e l y studied, especially in the g e n u s Calanus (Besiktepe, 1 9 9 8 ; H u n t l e y , 1 9 8 2 ; 
O s g o o d , 1 9 9 4 ; P e t e r s o n , 1 9 9 0 ; S p i r i d o n o v , 1 9 9 7 ) . D i e l f e e d i n g r h y t h m h a s b e e n 
r e p o r t e d r e p e a t e d l y a m o n g m i g r a t i n g m a r i n e c o p e p o d s . Typically, a n i m a l s collected 
d u r i n g t h e d a y c o n t a i n l o w e r g u t p i g m e n t c o n t e n t t h a n a n i m a l s collected at night. 
H o w e v e r , it is difficult to c o n c l u d e w h e t h e r diel f e e d i n g r h y t h m is related to diel 
vertical m i g r a t i o n . C h l o r o p h y l l c o n c e n t r a t i o n in the sea generally s h o w s a 
m a x i m u m n e a r the surface a n d d e c r e a s e s w i t h depth. Calanus sinicus constitutes a n 
i m p o r t a n t c o m p o n e n t o f the z o o p l a n k t o n b i o m a s s in continental shelf w a t e r s o f 
eastern C h i n a ( C h e n , 1 9 8 0 ) , b u t ecological studies o n this species are relatively f e w . 
M o s t p r e v i o u s studies o n C. sinicus h a v e b e e n c o n f i n e d to description o f s e a s o n a l 
o c c u r r e n c e , r e p r o d u c t i o n a n d d e v e l o p m e n t . In addition, the vertical m i g r a t o r y 
b e h a v i o r o f C_ sinicus h a s b e e n e x a m i n e d o n l y in the Inland sea o f J a p a n , a n d little is 
k n o w n a b o u t m i g r a t o r y b e h a v i o r in other parts o f the species range. U y e ( 1 9 9 0 ) first 
studied o n t o g e n e t i c diel vertical m i g r a t i o n o f C. sinicus in the I n l a n d S e a o f J a p a n in 
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S e p t e m b e r . T h e o n s e t o f p r o m i n e n t diel vertical m i g r a t i o n t o o k p l a c e in C I V , a n d 
t h e a m p l i t u d e o f vertical m i g r a t i o n i n c r e a s e d w i t h a g e , b e c o m i n g m a x i m a l in a d u l t 
f e m a l e s . O n t o g e n e t i c diel vertical m i g r a t i o n o f Calanus sinicus w a s r e c o r d e d in the 
I n l a n d S e a o f J a p a n a g a i n in N o v e m b e r a n d M a r c h b y U y e ( 1 9 9 2 ) . I n N o v e m b e r , 
c h l o r o p h y l l w a s h i g h at t h e s h a l l o w layer a n d t h e m a j o r i t y o f C sinicus a g g r e g a t e d in 
this layer. I n M a r c h , t h e vertical distribution o f C . sinicus w a s also c l o s e l y 
a s s o c i a t e d w i t h t h e l a y e r o f h i g h c h l o r o p h y l l c o n c e n t r a t i o n . T h e diel vertical 
m i g r a t i o n o f C . sinicus in t h e I n l a n d S e a o f J a p a n varies w i t h s e a s o n s . 
T h i s c h a p t e r p r e s e n t s results o f a s t u d y to investigate the diel vertical m i g r a t i o n 
a n d f e e d i n g p a t t e r n o f C sinicus in t h e coastal w a t e r s n e a r t w o n u c l e a r p o w e r plants 
in n o r t h e r n T a i w a n . T h e s t u d y w a s p a r t o f a s u r v e y o f p l a n k t o n e c o l o g y a r o u n d 
N u c l e a r P o w e r P l a n t I a n d II c o n d u c t e d b y scientists at the N a t i o n a l T a i w a n O c e a n 
U n i v e r s i t y . P r e v i o u s studies ( O h m a n et al., 1 9 8 3 ; W i l l i a m s a n d C o n w a y ， 1 9 8 4 , 1 9 8 7 ; 
Frost, 1 9 8 8 ) h a v e r e v e a l e d that the pattern o f diel vertical m i g r a t i o n in c o p e p o d s t e n d s 
to v a r y b o t h t e m p o r a l l y a n d g e o g r a p h i c a l l y . S i n c e the coastal w a t e r s o f f t h e n o r t h e r n 
tip o f T a i w a n s h o w m a r k e d s e a s o n a l variations in h y d r o g r a p h i c a l c o n d i t i o n s , it w a s 
e x p e c t e d that there w o u l d b e s e a s o n a l variations in the pattern o f diel vertical 
m i g r a t i o n a n d g u t p i g m e n t r h y t h m in C . sinicus. T h i s sort o f k n o w l e d g e w o u l d 
p r o v i d e i n f o r m a t i o n n o t o n l y a b o u t the origin a n d c a u s a l m e c h a n i s m s o f diel vertical 
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m i g r a t i o n , b u t also o n the s e a s o n a l life c y c l e o f Calanus sinicus. S i n c e o n e o f the 
least u n d e r s t o o d a s p e c t s o f vertical m i g r a t i o n b e h a v i o r is h o w it varies t h r o u g h the 
life-cycle o f a species. I n this chapter, the diel vertical m i g r a t i o n o f C . sinicus w a s 
d e s c r i b e d b y m e a n s o f t i m e series s a m p l i n g in n o r t h e r n T a i w a n . T h e g u t f l u o r e s c e n c e 
t e c h n i q u e w a s u s e d to e s t i m a t e diel c h a n g e s in g u t p i g m e n t content. 
3.3 Materials and Methods 
3.3.1 Zooplankton sampling and physical parameters 
D i e l vertical m i g r a t i o n a n d g u t p i g m e n t r h y t h m w e r e studied at t w o stations (Fig. 
3.1) n e a r t h e n o r t h e r n tip o f T a i w a n o n the o c e a n o g r a p h i c v e s s e l “、海硏二號“.These 
stations w e r e visited t w i c e , o n 1 0 - 1 1 A p r i l 2 0 0 1 a n d o n 5 - 6 D e c e m b e r 2 0 0 1 . Station 
C 5 0 0 is l o c a t e d a b o u t 5 0 0 m off the N u c l e a r P o w e r P l a n t I a n d h a s a d e p t h o f 1 8 m . 
Station C 5 0 0 0 is located a b o u t 5 0 0 0 m a w a y f r o m the N u c l e a r P o w e r P l a n t I a n d h a s 
a m a x i m u m d e p t h o f 8 5 m . W a t e r masses outside the n u c l e a r p o w e r p l a n t r e p r e s e n t 
a r e g i o n w h e r e w a t e r a l o n g the e d g e o f the K u r o s h i o C u r r e n t m i x e s w i t h w a t e r f r o m 
the T a i w a n Strait a n d the E a s t C h i n a S e a . 
T h e w a t e r c o l u m n s at stations C 5 0 0 a n d C 5 0 0 0 w e r e d i v i d e d into 2 a n d 3 layers, 
respectively. O n e a c h visit, c o p e p o d s w e r e collected b y m a k i n g duplicate 
h o r i z o n t a l t o w s ( 5 - 1 0 m i n s ) w i t h a closing conical n e t (0.5 m m o u t h d i a m e t e r a n d 1 2 5 
以 m m e s h size). A calibrated f l o w m e t e r w a s fixed in the m o u t h o f the n e t to 
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d e t e r m i n e t h e v o l u m e o f w a t e r filtered. C o p e p o d s c o l l e c t e d f r o m t h e first n e t h a u l 
w a s p r e s e r v e d in 4 % f o r m a l d e h y d e - s e a w a t e r s o l u t i o n a n d r e t u r n e d to t h e l a b o r a t o r y 
for s p e c i e s identification. C o p e p o d s c o l l e c t e d f r o m t h e s e c o n d h a u l w a s 
c o n c e n t r a t e d o n 0 . 1 5 m m sieves, w a s h e d w i t h filtered s e a w a t e r a n d f r o z e n w i t h liquid 
n i t r o g e n for later d e t e r m i n a t i o n o f g u t p i g m e n t f l u o r e s c e n c e . V e r t i c a l profiles o f 
t e m p e r a t u r e a n d salinity w e r e m e a s u r e d at e a c h s a m p l i n g station w i t h a S e a b i r d C T D . 
F o r t h e d e t e r m i n a t i o n o f c h l o r o p h y l l a, s e a w a t e r s a m p l e s collected at s u r f a c e , m i d d l e 
a n d b o t t o m w a t e r l a y e r s w e r e s t o r e d in d a r k e n bottles at n e a r f r e e z i n g t e m p e r a t u r e 
(〜0。C). 
U p o n r e t u r n i n g to t h e laboratory, t h e w a t e r s a m p l e s for c h l o r o p h y l l a 
m e a s u r e m e n t w e r e p r o c e s s e d i m m e d i a t e l y . P h y t o p l a n k t o n w a s c o n c e n t r a t e d o n 0 . 4 5 
u m M i l l i p o r e filters a n d e x t r a c t e d o v e r n i g h t in 9 0 % a c e t o n e (analytical g r a d e ) in a 
d a r k refrigerator. C h l o r o p h y l l a c o n c e n t r a t i o n o f a c e t o n e extract w a s d e t e r m i n e d 
f l u o r o m e t r i c a l l y w i t h a T u r n e r D e s i g n s f l u o r o m e t e r u s i n g t h e m e t h o d o f P a r s o n et al 
( 1 9 8 4 ) . C h l o r p o p h y l l a c o n c e n t r a t i o n w e r e c a l c u l a t e d a c c o r d i n g to t h e e q u a t i o n o f 
D a g g a n d W y m a n ( 1 9 8 3 ) : 
Chla c o n c e n t r a t i o n ( m g m ' ^ ) = K(Rb-Ra)v/V 
w h e r e K is t h e m a c h i n e calibration c o n s t a n t， R b a n d R a are the f l u o r e s c e n c e r e a d i n g 
b e f o r e a n d after acidification ( 5 % H C l ) , v is t h e v o l u m e o f a c e t o n e extract a n d V is 
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t h e v o l u m e o f filtered w a t e r s a m p l e . 
3.3.2 Identification and enumeration 
I n t h e laboratory, the v o l u m e o f z o o p l a n k t o n s a m p l e s w a s a d j u s t e d to 2 5 0 m L 
a n d t h e n u m b e r o f Calanus sinicus in five 5 m L s u b s a m p l e s w a s c o u n t e d . C. sinicus 
f r o m C I to C V I w e r e sorted f r o m the s a m p l e s a n d c o u n t e d u n d e r a dissecting 
m i c r o s c o p e . T h e c o u n t o f e a c h d e v e l o p m e n t a l stage w a s c o n v e r t e d to i n d i v i d u a l 
n u m b e r s p e r u n i t v o l u m e o f water. Identification o f m a l e s a n d f e m a l e s w a s m a d e 
o n l y for adults. N o a t t e m p t w a s m a d e to c o u n t naupliar stages b e c a u s e o f their 
scarcity a n d p r o b l e m s w i t h p r o p e r identification. 
3.3.3 Gut pigment fluorescence 
C o p e p o d s for g u t p i g m e n t f l u o r e s c e n c e analysis w e r e sorted u n d e r a dissecting 
m i c r o s c o p e u s i n g l o w light level to m i n i m i z e p h o t o - d e g r a d a t i o n o f p i g m e n t s . A d u l t s 
o f C sinicus w e r e sorted into o n e g r o u p , a n d C V a n d C I V c o p e p o d i t e s w e r e sorted 
into a n o t h e r g r o u p . D e p e n d i n g o n the size o f the a n i m a l s , 5 to 2 0 a n i m a l s w e r e 
p l a c e d in a test t u b e w i t h 9 0 % a c e t o n e (analytical g r a d e ) a n d stored o v e r n i g h t in a 
d a r k refrigerator. D u p l i c a t e s a m p l e s w e r e u s e d w h e n the n u m b e r o f a n i m a l s in the 
n e t s a m p l e s w a s sufficient. F l u o r e s c e n c e o f a c e t o n e extracts b e f o r e a n d after 
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acidification ( 5 % H C l ) w a s m e a s u r e d . T h e e q u a t i o n s o f D a g g a n d W y m a n w e r e 
u s e d to calculate the a m o u n t o f c h l o r o p h y l l a a n d p h a e o p i g m e n t p e r a n i m a l : 
C h l o r o p h y l l a p e r a n i m a l ( n g i n d " ) 二 K ( Rb-Ra ) v / n 
P h a e o p i g m e n t p e r a n i m a l ( n g ind.'') 二 K(i:Rb-Ra)v/n 
w h e r e K is the m a c h i n e calibration constant, R b a n d R a are the f l u o r e s c e n c e r e a d i n g 
b e f o r e a n d after acidification ( 5 % H C l ) , v is the v o l u m e o f a c e t o n e extract, t is the 
acid ratio a n d n is the n u m b e r o f individuals in the a c e t o n e extract. P h a e o p i g m e n t 
v a l u e s w e r e corrected for p i g m e n t destruction a s s u m i n g a n e s t i m a t e d a v e r a g e loss o f 
3 3 % ( D a m a n d Peterson, 1 9 8 8 ) . T h e final g u t p i g m e n t c o n t e n t is the s u m o f 
c h l o r o p h y l l s p e r a n i m a l a n d p h a e o p i g m e n t p e r a n i m a l after correction a n d is 
e x p r e s s e d as n g c h l o r o p h y l l equivalent p e r individual ( n g C h l a ind.]). 
3.4 Results 
3.4.1 Temperature and salinity 
Vertical profiles o f w a t e r t e m p e r a t u r e a n d salinity at e a c h station are s h o w n in 
F i g u r e s 3 . 2 a 一 3.5a. Vertical profiles o f t e m p e r a t u r e w a t e r salinity at s a m p l i n g 
stations are p r e s e n t e d in Fig. 3.2b - 3.5b. D u r i n g the late spring ( 1 0 - 1 1 April, 2 0 0 1 ) , 
w a t e r t e m p e r a t u r e at station C 5 0 0 r a n g e d f r o m 21.8。C at the surface to 2 1 . 5 ° C at the 
b o t t o m (Fig. 3.2a). T h e r m o c l i n e w a s n o t o b s e r v e d , a l t h o u g h surface t e m p e r a t u r e 
t e n d e d to b e slightly h i g h e r t h a n that in b o t t o m . Salinity w a s a r o u n d 34.3 % o in the 
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w h o l e w a t e r c o l u m n (Fig. 3.2b). T h e w a t e r c o l u m n w a s w e a k l y t h e r m a l l y stratified 
at station C 5 0 0 0 w i t h w a t e r t e m p e r a t u r e at a b o u t 2 2 . 2 ° C at the s u r f a c e a n d 2 0 . 8 ° C at 
t h e b o t t o m (Fig. 3.3a). Salinity r a n g e d f r o m 3 4 . 2 ^/qoat the s u r f a c e to 3 4 . 4 °/ooat the 
b o t t o m (Fig. 3.3b). 
D u r i n g t h e early w i n t e r (5-6 D e c , 2 0 0 1 )， w a t e r t e m p e r a t u r e w a s g e n e r a l l y l o w e r 
t h a n that in t h e late spring. T h e r m o c l i n e w a s n o t o b s e r v e d at station C 5 0 0 , a l t h o u g h 
t e m p e r a t u r e t e n d e d to b e a little bit h i g h e r in the s u r f a c e t h a n in t h e b o t t o m . 
T e m p e r a t u r e o f t h e w a t e r c o l u m n r a n g e d f r o m a b o u t 2 0 . 8 ° C at 1 8 0 0 o n 5 D e c e m b e r 
to a b o u t 2 0 . 2 ° C at 0 6 0 0 o n D e c e m b e r 6 (Fig. 3.4a). Salinity at station C 5 0 0 r a n g e d 
f r o m 3 3 . 4 O/oo to 3 3 . 6 % o ( F i g . 3.4b). A t station C 5 0 0 0 , t h e w a t e r c o l u m n w a s w e a k l y 
t h e r m a l l y stratified. T h e m e a n w a t e r t e m p e r a t u r e w a s 2 1 . 4 ° C at t h e surface a n d 
19.0 ° C at t h e b o t t o m (Fig. 3.5a). T e m p e r a t u r e g r a d u a l l y d e c r e a s e d w i t h d e p t h in the 
u p p e r 3 0 m . Salinity c h a n g e d f r o m less t h a n 3 3 . 2 at the surface to 3 4 . 0 °/oonear 
the b o t t o m (Fig. 3.5b). 
3.4.2 Ambient chlorophyll a concentration 
C h l o r o p h y l l a levels in s e a w a t e r p r o v i d e s a n indirect e s t i m a t e o f p h y t o p l a n k t o n 
b i o m a s s in t h e w a t e r (Fig. 3.6 - 3.7). O n 1 0 - 1 1 A p r i l 2 0 0 1， c h l o r o p h y l l a 
c o n c e n t r a t i o n s w e r e distributed a l m o s t h o m o g e n e n e o u s l y in the w a t e r c o l u m n at 
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station C 5 0 0 (Fig. 3.6a). A v e r a g e c o n c e n t r a t i o n w a s 0 . 7 7 m g m ' ^ at t h e s u r f a c e a n d 
0 . 8 0 m g m - 3 at t h e b o t t o m . A t station C 5 0 0 0 , c h l o r o p h y l l a c o n c e n t r a t i o n w a s 0 . 6 5 
m g m - 3 in t h e s u r f a c e a n d d e c l i n e d to 0 . 4 4 m g m ' ^ n e a r the b o t t o m (Fig. 3.6b). 
O n 5 - 6 D e c e m b e r 2 0 0 1 , c h l o r o p h y l l a c o n c e n t r a t i o n s w e r e also distributed 
a l m o s t h o m o g e n e n e o u s l y in t h e w a t e r c o l u m n at station C 5 0 0 (Fig.3.7a). A v e r a g e 
c o n c e n t r a t i o n w a s 0 . 7 9 m g m ' ^ at t h e s u r f a c e a n d 0 . 8 3 m g m ' ^ at t h e b o t t o m . A t 
station C 5 0 0 0 ， c h l o r o p h y l l a c o n c e n t r a t i o n w a s 0 . 3 7 m g m ' ^ in t h e s u r f a c e a n d 
d r o p p e d to 0 . 2 8 m g m ' ^ n e a r t h e b o t t o m (Fig.3.7b). T h e r e w e r e n o significant 
d i f f e r e n c e b e t w e e n t h e c h l o r o p h y l l a c o n c e n t r a t i o n at station C 5 0 0 in A p r i l a n d that in 
D e c e m b e r ( S t u d e n t ' s r-test, P > 0 . 0 5 ) . H o w e v e r , c h l o r o p h y l l a c o n c e n t r a t i o n at 
station C 5 0 0 0 w a s h i g h e r in late s p r i n g t h a n that in early w i n t e r ( S t u d e n t ' s M e s t , 
P < 0 . 0 5 ) . 
3.4.3 Diel vertical migration 
D u r i n g t h e late s p r i n g s t u d y o n 1 0 - 1 1 April, 2 0 0 1 at station C 5 0 0 , CIII, C I V , C V , 
a d u l t f e m a l e s a n d a d u l t m a l e s o f Calanus sinicus c o u l d b e f o u n d in n e a r l y t h e w h o l e 
w a t e r c o l u m n , t h e difference in the m e a n d e p t h b e t w e e n d a y - t i m e a n d n i g h t - t i m e is 
n o t large ( T a b l e 3.1). N o diel vertical m i g r a t i o n w a s o b s e r v e d for b o t h adults a n d 
c o p e p o d i t e s s t a g e s (Fig. 3.8). N u m b e r s o f C I a n d C I I w e r e t o o l o w to s h o w a n y 
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clear distribution pattern. 
D u r i n g t h e late s p r i n g s t u d y at station C 5 0 0 0 , C I w a s least a b u n d a n t a n d the 
a b u n d a n c e i n c r e a s e d p r o g r e s s i v e l y w i t h stages a m o n g c o p e p o d i t e s s t a g e s ( T a b l e 3.2). 
M o s t o f C I I I w e r e restricted to the u p p e r layer t h r o u g h o u t b o t h d a y a n d night. C I V 
w e r e distributed t h r o u g h o u t the w a t e r c o l u m n , a n d did n o t e x h i b i t e d s t r o n g diel 
vertical m i g r a t i o n (Fig. 3.9). C V w e r e also distributed t h r o u g h o u t t h e w h o l e w a t e r 
c o l u m n , a n d s h o w e d difference in the m e a n d e p t h b e t w e e n d a y ( 5 3 m at 1 2 0 0 h o n 1 0 
A p r i l ) a n d n i g h t ( 3 5 m at 0 0 0 0 h o n 11 April) ( T a b l e 3.2). A d u l t f e m a l e s a n d m a l e s 
e x h i b i t e d c o m p l e t e l y different b e h a v i o r s . F e m a l e s w e r e distributed t h r o u g h o u t the 
w a t e r c o l u m n , a n d e x h i b i t e d strong diel vertical m i g r a t i o n . T h e m a j o r i t y o f the 
f e m a l e p o p u l a t i o n m i g r a t i n g u p w a r d at d u s k , r e m a i n e d in the surface layer t h r o u g h o u t 
the night, a n d t h e n d e s c e n d e d to the b o t t o m layer a g a i n b e f o r e d a w n (Fig. 3.9). 
M e a n d e p t h s o f the p o p u l a t i o n w e r e 7 2 m at 1 2 0 0 h o n 1 0 April, 5 2 m at 1 8 0 0 h o n 1 0 
April, 2 2 m at 0 0 0 0 h o n 11 A p r i l a n d 4 9 m at 0 6 0 0 h o n 11 A p r i l ( T a b l e 3.2). In 
contrast, m a l e s w e r e distributed b e l o w 4 0 m a n d the m e a n d e p t h w a s 7 5 m at 1 2 0 0 h 
o n 1 0 A p r i l a n d 4 7 m at 0 6 0 0 h o n 11 A p r i l ( T a b l e 3.2). N o diel vertical m i g r a t i o n 
w a s o b s e r v e d for m a l e s . 
D u r i n g the early w i n t e r s t u d y o n 5 - 6 D e c e m b e r , 2 0 0 1 at station C 5 0 0 , C I V , C V 
a n d adult f e m a l e s w e r e distributed h o m o g e n e o u s l y t h r o u g h o u t the w a t e r c o l u m n as in 
104 
the late s p r i n g s t u d y at station C 5 0 0 (Fig. 3.10). N o diel vertical m i g r a t i o n w a s 
o b s e r v e d for b o t h adults a n d c o p e p o d i t e s stages. T h e a b u n d a n c e s o f C I , CII, CIII 
a n d a d u l t m a l e s w e r e t o o l o w to o b s e r v e a n y distribution pattern ( T a b l e 3.3). 
D u r i n g t h e early w i n t e r s t u d y at station C 5 0 0 0 , the p o p u l a t i o n s o f C I a n d C I I 
w e r e also v e r y s m a l l (Fig. 3.11). M o s t o f C I I I w e r e c o n c e n t r a t e d o n t h e u p p e r 4 0 m 
in t h e w h o l e d a y . C I V , C V a n d adult f e m a l e s o c c u r r e d in a l m o s t the w h o l e o f the 
w a t e r c o l u m n a n d s h o w e d a similar m i g r a t i o n pattern (Fig. 3.11). A t 1 2 0 0 h, m o s t o f 
their p o p u l a t i o n s a g g r e g a t e d at the surface layer ( m e a n d e p t h o f C I V 二 1 0 m , C V 二 12 
m a n d a d u l t f e m a l e s 二 2 4 m ) ( T a b l e 3.4). A t 1 8 0 0 h, a large n u m b e r o f individuals 
o c c u r r e d at the 4 0 m to s h o w m o r e h o m o g e n e o u s vertical distribution ( m e a n d e p t h o f 
C I V 二 4 0 0 m , C V 二 3 9 m a n d adult f e m a l e s = 5 8 m ) (Table 3.4). A t 0 0 0 0 h, m o s t o f 
their p o p u l a t i o n s a g g r e g a t e d at d e p t h in 4 0 m , a n d f e w e r individuals o c c u r r e d at the 
surface a n d the b o t t o m layer ( m e a n d e p t h o f C I V 二 2 7 m , C V 二 3 2 m a n d adult 
f e m a l e s 二 3 9 m ) ( T a b l e 3.4). A f t e r m i d n i g h t , t h e y b e g a n to m i g r a t e u p w a r d to the 
p h y t o p l a n k t o n rich u p p e r layer again. A t 0 0 6 0 h, the m a j o r i t y o f individuals 
c o n c e n t r a t e d in the surface layer ( m e a n d e p t h o f C I V = 2 4 m ， C V = 2 3 m a n d adult 
f e m a l e s 二 2 0 m ) ( T a b l e 3.4). In contrast, m a l e s w e r e distributed b e l o w 4 0 m a n d the 
m e a n d e p t h r a n g e d f r o m 7 4 m at 1 2 0 0 h o n 5 D e c e m b e r to 4 1 m at 0 0 0 0 h o n 6 
D e c e m b e r ( T a b l e 3.4). N o diel vertical m i g r a t i o n w a s o b s e r v e d for m a l e s . 
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3.4.4 Gut pigment content 
D u r i n g t h e late s p r i n g s t u d y o n 1 0 - 1 1 April, 2 0 0 1 at station C 5 0 0 , individuals 
collected at 2 1 0 0 h a n d 0 3 0 0 h t e n d e d to c o n t a i n m o r e g u t p i g m e n t (Fig. 3.12). 
M e a n g u t p i g m e n t level o f adults o f Calanus sinicus w a s 0 . 2 3 n g C h k ind.'' a n d that 
o f c o p e p o d i t e s w a s 0 . 0 5 n g C h k ind；' at station C 5 0 0 o v e r 2 4 h ( T a b l e 3.5). T h e 
available d a t a s h o w e d a substantial increase in g u t p i g m e n t level after d u s k . T h e r e 
w e r e t w o p e a k s o f g u t p i g m e n t at station C 5 0 0 0 in b o t h adults a n d c o p e p o d i t e s o v e r 
2 4 h, o n e p e a k at 1 2 0 0 h o n A p r i l 1 0 a n d a n o t h e r p e a k at 0 0 0 0 h o n A p r i l 11 (Fig. 
3.13). M e a n g u t p i g m e n t level o f adults o f C. sinicus w a s 0 . 5 4 n g C h l a ind."' a n d that 
o f c o p e p o d i t e s w a s 0 . 4 7 n g O i k z ind；^ at station C 5 0 0 0 o v e r 2 4 h ( T a b l e 3.5). M e a n 
g u t p i g m e n t levels w e r e h i g h e r in the n i g h t t i m e t h a n that in the d a y t i m e at b o t h station 
C 5 0 0 a n d C 5 0 0 0 . In general, individuals collected f r o m u p p e r layers c o n t a i n e d 
m o r e g u t p i g m e n t t h a n that f r o m b o t t o m layers. 
D u r i n g t h e early w i n t e r s t u d y o n 5 - 6 D e c e m b e r , 2 0 0 1 at station C 5 0 0 , 
individuals collected f r o m surface layer at 1 5 0 0 hrs a n d surface layer at 2 1 0 0 h 
c o n t a i n e d m u c h m o r e p i g m e n t (Fig. 3.14). M e a n g u t p i g m e n t level o f adults o f C. 
sinicus w a s 0 . 9 1 n g C h l a ind；^ a n d that o f c o p e p o d i t e s w a s 0 . 6 6 n g C h k ind；^ at 
station C 5 0 0 o v e r 2 4 h ( T a b l e 3.6). T h e differences b e t w e e n m e a n n i g h t t i m e v a l u e 
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( m e a n g u t p i g m e n t v a l u e s w e r e 1.25 n g C h l a ind.'^ for adults a n d 1.08 n g C h l a ind."' 
for c o p e p o d i t e s ) a n d m e a n d a y t i m e v a l u e ( m e a n g u t p i g m e n t v a l u e s w e r e 1.08 n g C h l a 
ind.-i for adults a n d 0 . 8 4 n g C h k ind；^ for c o p e p o d i t e s ) for b o t h adults a n d 
c o p e p o d i t e s w a s n o t large ( T a b l e 3.6). T h e r e w a s o n e c o n s p i c u o u s p e a k o f g u t 
p i g m e n t at station C 5 0 0 0 in b o t h adults a n d c o p e p o d i t e s in the surface w a t e r at 1 2 0 0 h 
o n D e c e m b e r 5. M e a n g u t p i g m e n t level o f adults o f C. sinicus w a s 0 . 8 6 n g C h l a 
ind.-i a n d that o f c o p e p o d i t e s w a s 0 . 7 7 n g C h l a ind；^ at station C 5 0 0 0 o v e r 2 4 h (Fig. 
3.15). T h e differences b e t w e e n m e a n n i g h t t i m e v a l u e ( m e a n g u t p i g m e n t v a l u e s 
w e r e 0 . 7 7 n g C h k ind；^ for adults a n d 0 . 8 1 n g C h l a ind；^ for c o p e p o d i t e s ) a n d m e a n 
d a y t i m e v a l u e ( m e a n g u t p i g m e n t v a l u e s w e r e 0 . 9 5 n g C h k i n d ] for adults a n d 0 . 7 3 
n g C h l a i n d ] for c o p e p o d i t e s ) for b o t h adults a n d c o p e p o d i t e s w a s n o t large ( T a b l e 
3.6). S i m i l a r to the pattern o b s e r v e d in the late spring study, individuals collected 
f r o m u p p e r layers c o n t a i n e d m o r e g u t p i g m e n t t h a n t h o s e f r o m b o t t o m layers. 
3.5 Discussion 
T w o c o m m o n h y p o t h e s e s c a n b e u s e d to e x p l a i n the selective forces b e h i n d diel 
vertical m i g r a t i o n o f z o o p l a n k t o n . U n d e r the energetic h y p o t h e s i s , m i g r a t i n g 
z o o p l a n k t o n c a n g a i n energetic benefit b y f e e d i n g in w a r m , p h y t o p l a n k t o n rich 
surface layer a n d t h e n c o n v e r t e n e r g y to g r o w t h in the c o l d b o t t o m layer. H o w e v e r , 
107 
this h y p o t h e s i s c a n n o t b e a p p l i c a b l e to the vertical m i g r a t i o n o f late c o p e p o d i t e s a n d 
a d u l t f e m a l e s o f Calanus sinicus at station C 5 0 0 0 in April, w h i c h e x p e r i e n c e d o n l y a 
s m a l l t e m p e r a t u r e differences o f 2 b e t w e e n surface a n d b o t t o m layer. M o r e o v e r , 
this h y p o t h e s i s d o e s n o t e x p l a i n w h y y o u n g e r d e v e l o p m e n t stages o r a d u l t m a l e s d o 
n o t u n d e r g o diel vertical m i g r a t i o n . T h e s e c o n d h y p o t h e s i s p u t s e m p h a s i s o n 
p r e d a t i o n a v o i d a n c e . It is a s s u m e d that l o w light c o n d i t i o n s at n i g h t c a n p r o v i d e 
p r o t e c t i o n for s o m e z o o p l a n k t o n f r o m fish predators. E a r l y c o p e p o d i t e s are less 
v u l n e r a b l e to fish p r e d a t i o n in the d a y t i m e b e c a u s e o f their s m a l l size. In addition, 
t h e c o - o c c u r r e n c e o f o t h e r c o p e p o d s p e c i e s m a y d e c r e a s e the risk o f y o u n g C. sinicus 
c o p e p o d i t e s . T h e r e f o r e , C I , C I I a n d CIII c a n stay in the p h y t o p l a n k t o n - r i c h u p p e r 
layer t h r o u g h o u t b o t h d a y a n d night. F o r late c o p e p o d i t e s a n d adult f e m a l e s o f C 
sinicus, the a d v a n t a g e o f diel vertical m i g r a t i o n at C 5 0 0 0 in A p r i l is the m i n i m i z a t i o n 
o f m o r t a l i t y b y fish predation. N o diel vertical m i g r a t i o n w a s o b s e r v e d for b o t h 
adults a n d c o p e p o d i t e s stages at station C 5 0 0 in April. 
T h e t r a d e - o f f b e t w e e n f e e d i n g a n d p r e d a t o r a v o i d a n c e is generally b e l i e v e d to 
b e a n i m p o r t a n t factor in the e v o l u t i o n o f vertical m i g r a t i o n b e h a v i o u r ( C l a r k a n d 
L e v y , 1 9 8 8 ) . In D e c e m b e r , C. sinicus did n o t a v o i d the surface w a t e r in the d a y t i m e , 
b u t t h e y a g g r e g a t e d a p p a r e n t l y w i t h i n the c h l o r o p h y l l m a x i m u m layer. T h e r e f o r e , 
surface a v o i d a n c e a n d d a y t i m e d e p t h o f a g g r e g a t i o n m a y b e the result o f c o m p r o m i s e 
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b e t w e e n e s c a p e f r o m visual p r e d a t o r s a n d feeding. In v i e w o f all these, the 
vulnerability to p r e d a t o r s o f s t a y i n g in the u p p e r layer in the d a y t i m e is c o m p e n s a t e d 
b y t h e b e n e f i t s o f s t a y i n g in t h e h i g h f o o d layer. A c o p e p o d m i g r a t i n g d o w n in the 
a b s e n c e o f fish m a y e x p e r i e n c e r e t a r d e d d e v e l o p m e n t a n d g r o w t h (Frost, 1 9 8 8 ) , b u t 
its s u r v i v a l is n o t e v i d e n t l y threatened. In contrast, n o t m i g r a t i n g d o w n in the 
p r e s e n c e o f fish c o u l d m e a n death. A n innate, e v a s i v e r e s p o n s e to f o r a g i n g 
p r e d a t o r s h a s o b v i o u s survival value. T h i s is n o t the first t i m e that f o o d a n d f e e d i n g 
activity h a v e b e e n s u g g e s t e d a s regulatory factors in vertical m i g r a t i o n . I n d e e d , 
p r e v i o u s s t u d y ( B o l l e n s a n d Frost, 1 9 9 1 ) h y p o t h e s i z e d that the t i m e s p e n t at the 
s u r f a c e b y m i g r a t o r y h e r b i v o r e s m i g h t b e inversely p r o p o r t i o n a l to f o o d availability, 
b e c a u s e satiated a n i m a l s w o u l d d e s c e n d . A logical corollary to this h y p o t h e s i s is 
that u n s a t i a t e d a n i m a l s w o u l d stay l o n g e r in the surface w a t e r s , either b y a s c e n d i n g 
earlier o r b y d e s c e n d i n g later t h a n usual. In the e x t r e m e case, z o o p l a n k t e r s m a y 
r e m a i n at the s u r f a c e c o n t i n u o u s l y . B e c a u s e m a n y invertebrate p r e d a t o r s d o n o t 
d e p e n d o n light for h u n t i n g , d e e p d a r k habitats d o n o t p r o v i d e a n a b s o l u t e r e f u g e for 
Calanus. C h a e t o g n a t h s are b e l i e v e d to b e i m p o r t a n t p r e d a t o r s o n c o p e p o d s 
( F e i g e n b a u m a n d M a r i s , 1 9 8 4 ) , w i t h a diet often reflecting the z o o p l a n k t o n available 
(Pearre, 1 9 7 3 ; Sullivan, 1 9 8 0 ) . S i n c e the c h l o r o p h y l l a c o n c e n t r a t i o n at station 
C 5 0 0 0 w a s h i g h e r in A p r i l t h a n that in D e c e m b e r (Student's r-statistic, P < 0 . 0 5 ) , it is 
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r e a s o n a b l e to a s s u m e that m o s t o f the Calanus sinicus p o p u l a t i o n m u s t s p e n d m o s t o f 
t i m e in the p h y t o p l a n k t o n - r i c h u p p e r layer at station C 5 0 0 0 in D e c e m b e r . 
In s u m m a r y , w e s u g g e s t that diel vertical m i g r a t i o n b e h a v i o r in C. sinicus off the 
n o r t h e r n tip o f T a i w a n is a c o n d i t i o n a l r e s p o n s e to t w o levels o f stimuli. T h e 
p r i m a r y s t i m u l u s a p p e a r s to b e h u n g e r . W h e n f o o d availability is l o w , t h e c o p e p o d s 
m o d i f y their m i g r a t i o n b e h a v i o r b y r e m a i n i n g in the relatively f o o d - r i c h s u r f a c e 
w a t e r s to feed. T h e s e c o n d a r y stimulus, w h i c h o p e r a t e s u n d e r c o n d i t i o n s o f h i g h 
f o o d availability a n d l o w c o m p e t i t i o n for f o o d , a p p e a r s to h a v e regular, circadian 
periodicity. W h e n the c o p e p o d s are able to satisfy their nutritional r e q u i r e m e n t s b y 
n o c t u r n a l f e e d i n g alone, t h e y r e s p o n d to the s e c o n d a r y s t i m u l u s a n d p e r f o r m regular 
diel m i g r a t i o n s . 
A s d e v e l o p m e n t o f Calanus pacificiis p r o g r e s s e d t h r o u g h the c o p e p o d i t e stages, 
the n i g h t d e p t h s r e m a i n e d a p p r o x i m a t e l y the s a m e (i.e., w i t h i n the f o o d - r i c h surface 
w a t e r s ) b u t d a y d e p t h s b e c a m e deepe r , b e c o m i n g m a x i m a l in the late c o p e p o d i t e 
stages ( H u n t l e y a n d B r o o k s , 1 9 8 2 ) . In m y study, clear diel vertical m i g r a t i o n in late 
c o p e p o d i t e s a n d adult Calanus sinicus f e m a l e in A p r i l m a y b e d u e to the e n h a n c e d 
s w i m m i n g ability o f these stages. W h e n c o m p a r i n g w i t h adult f e m a l e s , the 
distribution o f adult C. sinicus m a l e s w a s limited to the d e e p e r layer a n d did n o t 
exhibit diel vertical m i g r a t i o n . M a l e s d o n o t necessarily u n d e r g o m i g r a t i o n for 
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f e e d i n g b e c a u s e m a l e s are w e a k feeders. In addition, m a l e s are p h y s i o l o g i c a l less 
tolerant t h a n f e m a l e s ( U y e et al., 1 9 9 0 ) , a n d h e n c e m u s t a v o i d e d h i g h t e m p e r a t u r e 
s u r f a c e w a t e r s a n d r e m a i n e d in c o o l d e e p e r w a t e r s t h r o u g h o u t the w h o l e day. 
D i e l variations in f e e d i n g w e r e f o u n d for all c o p e p o d species, w h e t h e r t h e y 
m i g r a t e d vertically at n i g h t o r n o t ( B a a r s a n d O o s t e r h u i s , 1 9 8 4 ) . T a x a that d i d 
p e r f o r m diel vertical m i g r a t i o n s are c o n s i d e r e d to s h o w diel f e e d i n g r h y t h m s . L i k e 
diel vertical m i g r a t i o n , diel f e e d i n g r h y t h m s are p r o b a b l y controlled b y diel c h a n g e s 
in t h e light field. F o r t h o s e t a x a that d i d p e r f o r m diel vertical m i g r a t i o n s , the 
i n c r e a s e in g u t p i g m e n t c o n t e n t w h i c h b e g a n at d u s k is p r o b a b l y d u e to f e e d i n g b y 
relatively h u n g r y individuals w h o h a v e just a s c e n d e d into the f o o d - r i c h layer. S o , 
the o b s e r v e d i n c r e a s e in g u t p i g m e n t c o n t e n t at n i g h t c o u l d h a v e b e e n d u e to b o t h 
i n c r e a s e d f e e d i n g b y individuals w h o w e r e p r e s e n t in the e u p h o t i c z o n e d u r i n g the d a y , 
a s w e l l a s f e e d i n g b y starved m i g r a n t s . D i e l variations in the p i g m e n t c o n t e n t o f 
c o p e p o d s h a v e b e e n r e p o r t e d b y m a n y others. T h e c o m m o n pattern is that g u t 
p i g m e n t c o n t e n t b e g i n s to increase at s皿set, a n d after a 2 to 3 h period, r e a c h e s a 
v a l u e 2 - 1 0 t i m e s greater t h a n m e a n d a y t i m e values. F o l l o w i n g this initial 2 - 3 h burst 
in f e e d i n g activity, g u t p i g m e n t c o n t e n t decreases, t h e n levels o f f a n d r e m a i n s 
c o n s t a n t t h r o u g h o u t the night. A substantial increase in g u t p i g m e n t level w a s first 
o b s e r v e d at 1 2 0 0 h at station C 5 0 0 0 in A p r i l e v e n t h o u g h significant u p w a r d 
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m i g r a t i o n w a s n o t d e t e c t a b l e until m i d - n i g h t . T h i s result s u g g e s t e d that c h a n g e s in 
g u t p i g m e n t level in c o p e p o d s w a s n o t relate to vertical m i g r a t i o n . S i n c e s o m e 
a n i m a l s w e r e a l w a y s p r e s e n t in t h e s u r f a c e w a t e r at station C 5 0 0 0 in A p r i l， t h e 
significant i n c r e a s e in g u t p i g m e n t levels at 0 0 0 0 h in this layer c o u l d b e t h e result o f 
b o t h i n c r e a s e d f e e d i n g b y i n d i v i d u a l s w h o w e r e p r e s e n t in this l a y e r d u r i n g t h e d a y , a s 
w e l l a s f e e d i n g b y s t a r v e d m i g r a n t s . 
A l t h o u g h a m b i e n t c h l o r o p h y l l a c o n c e n t r a t i o n w a s l o w e r d u r i n g t h e w i n t e r t h a n 
d u r i n g t h e s u m m e r , m e a n g u t p i g m e n t levels o f Calanus sinicus o v e r 2 4 h w e r e h i g h e r 
d u r i n g t h e w i n t e r . T h i s s u g g e s t e d that C. sinicus w a s n o t limited b y f o o d d u r i n g t h e 
w i n t e r a n d c h l o r o p h y l l a c o n c e n t r a t i o n s e n c o u n t e r e d d u r i n g t h e s u m m e r w e r e 
p r o b a b l y in e x c e s s o f t h e f o o d r e q u i r e m e n t o f C . sinicus. 
D i e l f e e d i n g r h y t h m h a s b e e n related to visual p r e d a t i o n , b u t t h e level o f v i s u a l 
p r e d a t i o n p r e s s u r e at stations C 5 0 0 0 a n d C 5 0 0 h a d n o t b e e n e v a l u a t e d in this study. 
M e a n g u t p i g m e n t levels w e r e m u c h h i g h e r for adults t h a n for t h e s m a l l e r s i z e d 
c o p e p o d i t e s . I n general, C. sinicus collected f r o m u p p e r layers t e n d e d to c o n t a i n 
m o r e g u t p i g m e n t s b e c a u s e f e e d i n g t o o k p l a c e in the surface layers w h e r e a m b i e n t 
c h l o r o p h y l l a c o n c e n t r a t i o n w a s higher. 
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Fig. 3.2 Diel variations in vertical distribution of (a) temperature and 
(b) salinity (。/。。）at station C500 from 1500 h, 10 April to 0900 h, 11 April，2001. 
White bar means day time, black bar means night time. 
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Fig. 3.3 Diel variations in vertical distribution of (a) temperature (°C) and 
(b) salinity (；。/。。）at station C5000 from 1200 h，10 April to 0600 h, 11 April, 2001. 
White bar means day time, black bar means night time. 
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Fig. 3.4 Diel variations in vertical distribution of (a) temperature (�C) and 
(b) salinity at station C500 from 0900 h, 5 December to 0300 h， 
6 December, 2001. White bar means day time, black bar means night time. 
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Fig. 3.5 Diel variations in vertical distribution of (a) temperature (�C) and 
(b) salinity (。/。。）at station C5000 from 1200 h, 5 December to 0600 h, 
6 December, 2001. White bar means day time, black bar means night time. 
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C h l o r o p h y l l a c o n c e n t r a t i o n m g m ' ^ 
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Fig. 3 . 6 a V e r t i c a l profiles o f c h l o r o p h y l l a at station C 5 0 0 
f r o m 1 5 0 0 h， 1 0 A p r i l to 0 9 0 0 h, 1 1 April, 2 0 0 1 . C h l o r o p h y l l a 
v a l u e p r e s e n t e d are a v e r a g e s o f v a l u e s r e c o r d e d at 1 5 0 0 h a n d 
2 1 0 0 h o n 1 0 A p r i l a n d 0 3 0 0 h a n d 0 9 0 0 o n 11 April, 2 0 0 1 . H o r i z o n t a l 
line d e n o t e s S D . 
C h l o r o p h y l l a c o n c e n t r a t i o n ( m g 
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Fig. 3 . 6 b Vertical profiles o f c h l o r o p h y l l a at station C 5 0 0 0 
f r o m 1 2 0 0 h, 1 0 A p r i l to 0 6 0 0 h, 11 April, 2 0 0 1 . C h l o r o p h y l l a 
v a l u e p r e s e n t e d are a v e r a g e s o f v a l u e s r e c o r d e d at 1 2 0 0 h a n d 
1 8 0 0 h o n 1 0 A p r i l a n d 0 0 0 0 h a n d 0 6 0 0 o n 11 April, 2 0 0 1 . H o r i z o n t a l 
line d e n o t e s S D . 
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C h l o r o p h y l l a c o n c e n t r a t i o n m g m ' ^ 
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Fig. 3 . 7 a V e r t i c a l profiles o f c h l o r o p h y l l a at station C 5 0 0 
f r o m 0 9 0 0 h, 5 D e c e m b e r to 0 3 0 0 h, 6 D e c e m b e r , 2 0 0 1 . C h l o r o p h y l l a 
v a l u e p r e s e n t e d are a v e r a g e s o f v a l u e s r e c o r d e d at 0 9 0 0 h, 1 5 0 0 h a n d 
2 1 0 0 h o n 5 D e c e m b e r a n d 0 3 0 0 h o n 6 D e c e m b e r , 2 0 0 1 . H o r i z o n t a l line 
d e n o t e s S D . 
C h l o r o p h y l l a c o n c e n t r a t i o n m g n r ) 
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Fig. 3 . 7 b Vertical profiles o f c h l o r o p h y l l a at station C 5 0 0 0 
f r o m 1 2 0 0 h, 5 D e c e m b e r to 0 6 0 0 h 6 D e c e m b e r , 2 0 0 1 . C h l o r o p h y l l a 
v a l u e p r e s e n t e d are a v e r a g e s o f v a l u e s r e c o r d e d at 1 2 0 0 h a n d 1 8 0 0 h 
o n 5 D e c e m b e r a n d 0 0 0 0 h a n d 0 6 0 0 h o n 6 D e c e m b e r , 2 0 0 1 . H o r i z o n t a l 
line d e n o t e s S D . 
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T a b l e 3.5 G u t p i g m e n t level ( n g C h k ind.]) o f Calanus sinicus at stations C 5 0 0 a n d 
C 5 0 0 0 d u r i n g A p r i l 1 0 - A p r i l 1 1 , 2 0 0 1 . 
C 5 0 0  
O v e r a l l m e a n g u t M e a n g u t p i g m e n t 
p i g m e n t D a y N i g h t 
A d u l t s ^ ^ 
C V + C I V ^ 0 . 1 0 
C 5 Q Q 0  
O v e r a l l m e a n g u t M e a n g u t p i g m e n t  
p i g m e n t D a y N i g h t  
A d u l t s ^ ^ ^ 
C V + C I V ^ ^  
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T a b l e 3.6 G u t p i g m e n t level ( n g C h k ind.'^) o f Calanus sinicus at stations C 5 0 0 a n d 
C 5 0 0 0 d u r i n g D e c e m b e r 5 - D e c e m b e r 6, 2 0 0 1 . 
C 5 0 0  
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Chapter 4 Use of molecular markers in population analysis of 
Calanus sinicus 
4.1 Literature Review 
O c e a n circulation patterns p l a y a m a j o r role in d e t e r m i n i n g t h e patterns o f 
b i o l o g i c a l p r o d u c t i v i t y in coastal a n d o c e a n i c w a t e r s ( C o o k s e y , 1 9 8 8 ) . P r e d i c t i o n o f 
t h e spatial patterns o f s e c o n d a r y p r o d u c t i o n in the o c e a n is difficult b e c a u s e dispersal 
o f z o o p l a n k t o n is a f u n c t i o n o f b o t h p a s s i v e transport a n d active s w i m m i n g b y 
z o o p l a n k t o n , w h i c h m a y exhibit h i g h l y variable b e h a v i o r a l r e s p o n s e s to w a t e r 
m o v e m e n t ( C o o k s e y , 1 9 8 8 ) . Quantitative e s t i m a t e s o f dispersal are particularly 
difficult to o b t a i n for m a r i n e z o o p l a n k t o n。 T h e difficulty o f direct o b s e r v a t i o n o f 
dispersal p r o c e s s e s is m a g n i f i e d b y the s m a l l size a n d n u m e r i c a l a b u n d a n c e o f 
p l a n k t o n i c o r g a n i s m s a n d b y the vast distances their dispersal traverse. 
D i s p e r s a l is o n e o f the m o s t i m p o r t a n t p r o c e s s e s d e t e r m i n i n g the distribution a n d 
a b u n d a n c e o f m a r i n e p l a n k t o n i c p o p u l a t i o n s ( C o o k s e y , 1 9 8 8 ) . B y investigating 
dispersal p r o c e s s e s , w e c a n identify r e g i o n s that h a v e sufficient s e c o n d a r y p r o d u c t i o n 
to f u n c t i o n as s o u r c e p o p u l a t i o n s for r e c m i t m e n t to other r e g i o n s ( C o o k s e y , 1 9 8 8 ) . 
In addition, w e c a n estimate h o w m u c h o f the e x p o r t f r o m these s o u r c e r e g i o n s is lost, 
b y b e i n g transported to areas w h e r e the z o o p l a n k t o n c a n n o t r e p r o d u c e . F o r species 
w i t h w i d e g e o g r a p h i c a l distribution, w e c a n d e t e r m i n e w h e t h e r individual p o p u l a t i o n s 
134 
are genetically c o h e s i v e o r partitioned b y the f o r m a t i o n o f g e o g r a p h i c r a c e s a n d 
s u b s p e c i e s . 
P o p u l a t i o n s u b d i v i s i o n c a n b e attributed to g e o g r a p h i c isolation a n d the 
s u b s e q u e n t c e s s a t i o n o f g e n e f l o w (Endler, 1 9 7 7 ) . P o p u l a t i o n s u b d i v i s i o n is 
relatively c o m m o n in s p e c i e s w i t h o r w i t h o u t a life history c o n d u c t i v e to h i g h 
dispersal rates ( A v i s e et al,, 1 9 8 7 ) . In the m a r i n e e n v i r o n m e n t , p o p u l a t i o n 
a b u n d a n c e s are o f t e n d e t e r m i n e d b y dispersal rates rather t h a n in situ r e p r o d u c t i o n 
a n d m o r t a l i t y ( A v i s e et al,, 1 9 8 8 ) . In o r d e r to u n d e r s t a n d the n a t u r e a n d c a u s e s o f 
p o p u l a t i o n fluctuations in m a r i n e p l a n k t o n i c species, o c e a n circulation patterns a n d 
m i x i n g p r o c e s s e s s h o u l d b e c o n s i d e r e d to b e p r i m a r y drivers. Patterns o f s e c o n d a r y 
p r o d u c t i o n in the o c e a n s m a y b e g o v e r n e d p r i m a r i l y b y dispersal p r o c e s s e s d r i v e n b y 
o c e a n circulation ( C o o k s e y , 1 9 8 8 ) . In addition, b e h a v i o r a l limits to dispersal a n d 
natural selection c a n lead to p o p u l a t i o n structures in m a r i n e a n i m a l s that h a v e 
c o m p a r a t i v e l y larger effective p o p u l a t i o n sizes a n d e x t e n s i v e g e o g r a p h i c r a n g e s 
(Avise, 1 9 9 4 ; B u r t o n a n d L e e , 1 9 9 4 ; P a l u m b i , 1 9 9 4 ) . 
O n e effective m e t h o d o f tracking a n d predicting spatial patterns o f dispersal 
a m o n g z o o p l a n k t o n species is t h r o u g h m o l e c u l a r analysis o f g e n e f l o w patterns. 
A n a l y s i s o f g e n e f l o w i n v o l v e s the a s s a y o f genetically variable traits o f individuals. 
T h e f r e q u e n c i e s o f the variants in e a c h p o p u l a t i o n m a y t h e n b e u s e d to infer patterns 
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o f g e n e f l o w a c r o s s t h e species' g e o g r a p h i c r a n g e . E l e c t r o p h o r e t i c s e p a r a t i o n o f 
allelic v a r i a n t s o f e n z y m e s ( a l l o z y m e s ) h a s b e e n u s e d to s t u d y the p o p u l a t i o n g e n e t i c s 
for m a n y y e a r s ( B o i l e a u a n d H e b e r t , 1 9 8 8 a ; B u r t o n a n d L e e , 1 9 9 4 ) . M o r e recently, 
g e n e t i c variation at the m o l e c u l a r level (i.e., structural traits o f n u c l e i c a c i d s s u c h as 
D N A ) h a s b e e n u s e d in p o p u l a t i o n genetic studies o f a w i d e variety o f s p e c i e s 
( B o i l e a u , 1 9 8 8 ; B u c k l i n a n d K o c h e r , 1 9 9 6 ; B u c k l i n a n d L a J e u n e s s e , 1 9 9 4 ; B u c k l i n et 
al., 1 9 9 2 ; C a u d i l l , 1 9 9 5 ) . R e c e n t a d v a n c e s h a v e m a d e it p o s s i b l e to rapidly assess 
m o l e c u l a r variation at the h i g h e s t level o f detail (i.e. that o f the n u c l e o t i d e b a s e 
s e q u e n c e o f the D N A m o l e c u l e ) . 
T h e f r e s h w a t e r c a l a n o i d c o p e p o d , Diaptomis leptopus, collected f r o m six 
t e m p o r a r y a n d p e r m a n e n t lakes a n d p o n d s h a v e b e e n s e q u e n c e d for a 3 0 0 b p r e g i o n o f 
the m i t o c h o n d r i a l g e n e , c y t o c h r o m e o x i d a s e I ( C O I ) ( B o i l e a u a n d H e b e r t , 1 9 8 8 b ) . 
G e n e t i c differences a m o n g D. leptopus p o p u l a t i o n s f r o m different p o n d s , o r e v e n 
n e i g h b o r i n g p o n d s , w e r e large, w i t h all b u t o n e h a p l o t y p e restricted to a single p o n d 
( B o i l e a u a n d H e b e r t , 1 9 8 8 b ) . T h i s s u g g e s t s that p e r m a n e n t lakes a n d p o n d s m a y 
a c c u m u l a t e a n d m a i n t a i n greater genetic diversity, since m u l t i p l e c o l o n i z a t i o n s will 
o c c u r o v e r l o n g e r t i m e periods. 
T h i r t e e n h a p l o t y p e s w e r e identified a m o n g Acartia tonsa individuals collected 
from f o u r estuaries o n the east c o a s t o f the U S A (Caudill, 1 9 9 5 ) . L e v e l s o f 
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m o l e c u l a r diversity w e r e g e n e r a l l y h i g h a n d t e n d e d to v a r y significantly a m o n g 
p o p u l a t i o n s f r o m in different estuaries (Caudill, 1 9 9 5 ) . T h e o b s e r v e d patterns 
s u g g e s t s that g e n e f l o w a m o n g estuarine p o p u l a t i o n s o f A. tonsa m a y b e h i g h l y 
restricted. 
I n d i v i d u a l s o f t h e c o p e p o d Calanus finmarchiciis collected f r o m t h e N o r w e g i a n 
S e a a n d t h e L a b r a d o r C u r r e n t , G u l f o f S t L a w e r e n c e , G u l f o f M a i n e , a n d G e o r g e s 
B a n k o f t h e N W Atlantic O c e a n w e r e s e q u e n c e d for a 3 5 0 b p p o r t i o n o f the 
m i t o c h o n d r i a l 1 6 S r R N A ( B u c k l i n et al‘, 1 9 9 6 ) . T h e estuary o f the S t L a w e r e n c e 
R i v e r a p p e a r e d to b e a s o u r c e r e g i o n s u p p l y i n g individuals to G e o r g e s B a n k to initiate 
the p o p u l a t i o n i n c r e a s e in the n e x t spring ( P l o u r d e a n d R u n g e , 1 9 9 3 ) . T h e lack o f 
significant p o p u l a t i o n structure w i t h i n the N W Atlantic w a s also consistent w i t h the 
p h y s i c a l pattern o f circulation in the r e g i o n ( H e r m a n et al., 1 9 9 1 ) , indicating that 
z o o p l a n k t o n dispersal a c r o s s this r e g i o n m a y b e e x t e n s i v e a n d rapid. In contrast, the 
significant differences b e t w e e n p o p u l a t i o n s o n either side o f the N o r t h Atlantic 
s u g g e s t e d that z o o p l a n k t o n dispersal across the o c e a n b a s i n m a y b e h i g h l y restricted. 
M a r i n e c o p e p o d s , s u c h as Calanus, are a m o n g the m o s t n u m e r o u s a n i m a l s o n 
earth. T h e s e o r g a n i s m s p r o v i d e p o p u l a t i o n geneticists w i t h a n o p p o r t u n i t y to s t u d y 
a b u n d a n t a n d h i g h l y dispersive species in a w i d e r a n g e o f e n v i r o n m e n t s . 
C o m p a r i s o n a m o n g a n u m b e r o f s u c h species in different e n v i r o n m e n t s m a y lead to 
137 
m o r e p o w e r f u l c o n c l u s i o n s a b o u t the effect o f life history a n d e n v i r o n m e n t o n 
p o p u l a t i o n g e n e t i c diversity a n d structure. 
4.2 Introduction 
C a l a n o i d c o p p e o d s o f the g e n u s Calanus are d o m i n a n t m e m b e r s o f the 
z o o p l a n k t o n in m o s t t e m p e r a t e o c e a n s ( B u c k l i n et al., 1 9 9 2 ) . T h e g e n u s is a n 
i m p o r t a n t c o m p o n e n t o f the m a r i n e f o o d c h a i n s b e c a u s e o f its relative a b u n d a n c e a n d ^ 
role in fisheries productivity ( B u c k l i n et al., 1 9 9 2 ) . 
T h e distribution a n d b r e e d i n g s e a s o n of Calanus sinicus in C h i n a ' s n o r t h e r n 
neritic a r e a s indicate that it is a t e m p e r a t e s p e c i e s w i t h distribution centres in the 
Y e l l o w S e a a n d t h e E a s t C h i n a S e a . C o a s t a l w a t e r s a l o n g the C h i n e s e c o a s t to the 
s o u t h o f F u j i a n r e p r e s e n t a s e a s o n a l distributional z o n e w h e r e b r e e d i n g o c c u r s in 
w i n t e r a n d spring. F r o m the distribution z o n e , p o p u l a t i o n s are carried b y the 
Z h e j i a n g - F u j i a n l o n g s h o r e current into the n o r t h e r n parts o f the S o u t h C h i n a S e a in 
winter. 
T h e Y e l l o w S e a , located b e t w e e n C h i n a m a i n l a n d a n d the K o r e a P e n i n s u l a , is a 
s e m i - e n c l o s e d s h a l l o w sea. It links w i t h the B o h a i in the n o r t h a n d the E a s t C h i n a 
S e a in the south. A c c o r d i n g to C h e n (1992)，the Y e l l o w S e a l o n g s h o r e current is a 
low-salinity current w h i c h is strong in w i n t e r b u t w e a k in s u m m e r . In the n o r t h it 
c o n n e c t s w i t h the l o n g s h o r e current from the B o h a i a n d f l o w s east a l o n g the north 
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c o a s t o f t h e S h a n d o n g P e n i n s u l a . A t the C h e n g s h a n C a p e o f the S h a n d o n g 
P e n i n s u l a , it j o i n s t h e n o r t h - f l o w i n g b r a n c h o f the Y e l l o w S e a w a r m current, t h e n 
m o s t l y b y p a s s e s t h e C a p e a n d f l o w s south. W h e n r e a c h i n g the a r e a to t h e n o r t h o f 
t h e C h a n g j i a n g m o u t h , it turns southeast, crossing o v e r the C h a n g j i a n g B a n k , a n d 
enters t h e E a s t C h i n a sea. T h e E a s t C h i n a S e a b o r d e r s the C h i n a m a i n l a n d o n the 
w e s t a n d links w i t h the Y e l l o w S e a in the north. T h e s o u t h e r n e d g e o f the E a s t 
C h i n a S e a is m a r k e d b y a line linking D o n g s h a n o f F u j i a n P r o v i n c e a n d M a o p i T o u at 
t h e s o u t h e r n tip o f T a i w a n . A c c o r d i n g to C h e n ( 1 9 9 2 ) , the E a s t C h i n a S e a l o n g s h o r e 
c u r r e n t consists o f coastal w a t e r s a n d r u n o f f f r o m the C h a n g j i a n g , Q i a n t a n g a n d 
M i n j i a n g . It f o r m s a relatively s t r o n g layer o f low-saline w a t e r a n d its direction 
t e n d s to v a r y w i t h the m o n s o o n s . In w i n t e r the prevailing N W a n d N E w i n d s p u s h 
l o n g s h o r e currents s o u t h w a r d s w i t h relatively h i g h velocity a n d stability. In areas to 
the n o r t h o f Z h e j i a n g , this l o n g s h o r e current is called the J i a n g s u - Z h e j i a n g l o n g s h o r e 
current, w h i l e in areas to the s o u t h o f Z h e j i a n g it is called the Z h e j i a n g - F u j i a n 
l o n g s h o r e current. In the S o u t h C h i n a S e a , m o n s o o n drift currents are w e l l 
d e v e l o p e d . In N E m o n s o o n p e r i o d d u r i n g the winter, part o f the E a s t C h i n a S e a 
l o n g s h o r e c u r r e n t enters the S o u t h C h i n a S e a t h r o u g h the T a i w a n Strait, f o r m i n g a 
s t r o n g S W drift current a n d f l o w i n g f r o m n o r t h to s o u t h in the w e s t e r n part o f the 
S o u t h C h i n a S e a . It is b e l i e v e d that the Z h e j i a n g - F u j i a n l o n g s h o r e currents link w i t h 
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c u r r e n t s w h i c h f l o w a l o n g t h e c o a s t o f eastern G u a n g d o n g f r o m N E to S W in winter. 
A l o n g w i t h t h e s e c u r r e n t s y s t e m s , s p e c i e s s u c h as Calanus sinicus enters into the 
S o u t h C h i n a S e a f r o m the Y e l l o w S e a a n d the E a s t C h i n a S e a . T h i s c h a p t e r reports 
p r e l i m i n a r y a t t e m p t s to u s e m o l e c u l a r m a r k e r s to d e t e r m i n e if C . sinicus p o p u l a t i o n s 
in the o c e a n s o f s o u t h e r n C h i n a are d e r i v e d f r o m p o p u l a t i o n s in the Y e l l o w S e a a n d 
the E a s t C h i n a S e a . 
T h e c h o i c e o f g e n e t i c m a r k e r s for analysis o f p o p u l a t i o n g e n e t i c structure a n d 
g e n e f l o w h a s i m p o r t a n t i m p l i c a t i o n s for the results o b t a i n e d . M i t o c h o n d r i a l D N A 
( m t D N A ) is u s e f u l in m o l e c u l a r p o p u l a t i o n genetic analysis o f z o o p l a n k t o n s ( B u c k l i n 
et al., 1 9 9 2 ; B u c k l i n a n d K o c h e r , 1 9 9 6 ; B u c k l i n et al, 2 0 0 0 ; S c h i z a s et al, 1 9 9 9 ) . 
F o r l i n e a g e s that h a v e d i v e r g e d relatively recently, m t D N A m a y b e the b e s t m e a n s to 
d e m o n s t r a t e significant d i v e r g e n c e . M t D N A h a s a n u m b e r o f a d v a n t a g e s a s a n 
indicator o f t h e e v o l u t i o n a r y history a n d d y n a m i c s o f species a n d p o p u l a t i o n s . First, 
the g e n e structure o f m t D N A a n d the functions a n d functional constraints o f the 
c o m p o n e n t g e n e s are w e l l k n o w n . T h e c o m p a c t a n i m a l m i t o c h o n d r i a l g e n o m e lacks 
introns o r intergenic s p a c e r regions, so that m e c h a n i s m s o f s e q u e n c e c h a n g e are m o r e 
easily inferred. T h e clonal pattern o f inheritance is also a n a d v a n t a g e b e c a u s e it 
a l l o w s d i s c r i m i n a t i o n a n d identification o f m a t e r n a l lineages w i t h i n a species, a n d 
elucidating p o p u l a t i o n structures better t h a n n u c l e a r m a r k e r s that e x p e r i e n c e 
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r e c o m b i n a t i o n e a c h g e n e r a t i o n ( B i r k y et al., 1 9 8 9 ) . T h e a s e x u a l pattern o f 
inheritance o f m t D N A greatly h a s t e n s the differentiation o f m i t o c h o n d r i a l traits o v e r 
n u c l e a r traits o f t h e n e w l y f o u n d e d p o p u l a t i o n s a n d s l o w s their h o m o g e n i z a t i o n 
( B i r k y et al., 1 9 8 9 ) . M a t e r n a l inheritance m a y m a k e m t D N A traits better indicators 
o f p o p u l a t i o n structure for m a r i n e p l a n k t o n t h a n n u c l e a r m a r k e r s b e c a u s e genetically 
identical m o t h e r s a n d offspring c a n b e m o r e easily r e c o g n i z e d e v e n if t h e y are 
d i s p e r s e d b y p e r i o d i c o c e a n m i x i n g . U s i n g m i t o c h o n d r i a l c y t o c h r o m e o x i d a s e I 
( C O I ) s e q u e n c e variation, B u c k l i n ef al. ( 2 0 0 0 ) , r e v e a l e d significant differences 
a m o n g i n d i v i d u a l s o f Calanus finmarchicus collected in Atlantic a n d A r c t i c w a t e r s 
s u r r o u n d i n g Iceland. 
P G R a m p l i f i c a t i o n o f the internal transcribed s p a c e r ( I T S ) r e g i o n o f r i b o s o m a l 
D N A h a s b e c o m e a p o p u l a r m e t h o d for p h y l o g e n e t i c analysis o f closely related 
s p e c i e s a n d p o p u l a t i o n s ( C h e n a n d Miller, 1 9 9 6 ; S a j d a k a n d Philips, 1 9 9 4 ; Schlotterer 
et al, 1 9 9 4 ) . B e c a u s e the internal transcribed s p a c e r s are f l a n k e d b y h i g h l y 
c o n s e r v e d r e g i o n s , it is possible to d e s i g n p r i m e r s for the amplification o f the first 
internal transcribed s p a c e r r e g i o n ( I T S - 1 ) b y e x a m i n a t i o n o f k n o w n s e q u e n c e s o f the 
1 8 S a n d 5 . 8 S c o d i n g regions. B o t h direct s e q u e n c i n g a n d c l o n i n g o f P G R p r o d u c t s 
c a n b e u s e d for I T S analysis. T h e i r d e p l o y m e n t d e p e n d s o n the hierarchical scale o f 
the question. D i r e c t s e q u e n c i n g g e n e r a t e s a c o n s e n s u s s e q u e n c e for p h y l o g e n e t i c 
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analysis. F o r p o p u l a t i o n q u e s t i o n s , additional profit is g a i n e d f r o m i n f o r m a t i o n 
a m o n g single r e p e a t units. H e n c e , P G R p r o d u c t s n e e d to b e c l o n e d a n d s e q u e n c e d . 
S c h i z a s ( 1 9 9 9 ) s u g g e s t e d that m o l e c u l a r m a r k e r ( I T S - 1 ) y i e l d e d g e n e t i c 
differentiation a m o n g p o p u l a t i o n s o f estuaries, h a r p a c t i c o i d c o p e p o d {Microarthridion 
littorale) f r o m t h e s o u t h e a s t e r n Atlantic a n d n o r t h e r n G u l f o f M e x i c o c o a s t s o f the 
U S A . 
In this study, intraspecific variations b e t w e e n Calanus sinicus p o p u l a t i o n s f r o m 
coastal w a t e r s o u t s i d e C h a n g j i a n g a n d off the n o r t h e r n tip o f T a i w a n w e r e e s t i m a t e d 
u s i n g s e q u e n c e d a t a f r o m a m i t o c h o n d r i a l g e n e ( c y t o c h r o m e o x i d a s e I, C O I ) a n d a 
n u c l e a r g e n e (first internal transcribed s p a c e , I T S - 1 ) . T h e a i m w a s to test if C. 
sinicus p o p u l a t i o n s in coastal o c e a n s o f s o u t h e r n C h i n a are d e r i v e d f r o m p o p u l a t i o n s 
in t h e Y e l l o w S e a a n d the E a s t C h i n a S e a . 
4.3 Materials and Methods 
4.3.1 Collection, preservation, and identification of Calansu sinicus 
samples 
C sinicus w a s collected f r o m coastal w a t e r s outside the m o u t h o f the C h a n g j i a n g 
o a n d f r o m coastal w a t e r s off the n o r t h e r n tip o f T a i w a n b y m a k i n g h o r i z o n t a l t o w s 
w i t h a p l a n k t o n net. A l l s a m p l e s w e r e p r e s e r v e d in 9 5 % ethanol. In the laboratory, 
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a d u l t f e m a l e s w e r e sorted u n d e r a s t e r e o m i c r o s c o p e . 
4.3.2 DNA sequence determination for Calanus sinicus 
A d u l t f e m a l e s o f Calanus sinicus w e r e p r e p a r e d for m o l e c u l a r a n a l y s i s b y 
b o i l i n g in distilled w a t e r for 1 0 - 1 5 m i n to e v a p o r a t e the alcohol. T h e Q I A a m p D N A 
M i n i K i t ( Q I A G E N C a t . N o . 5 1 3 0 4 ) w a s u s e d for D N A extraction. A m p l i f i c a t i o n o f 
the C O I a n d I T S - 1 g e n e w a s p e r f o r m e d o n single, p r e s e r v e d individuals w i t h o u t prior 
purification o f the D N A . T h e a m p l i f i c a t i o n p r i m e r s o f C O I u s e d w e r e L C O - 1 4 9 0 
( 5 , - G G T C A A C A A A T C A T A A A G A T A T T G G - 3 ' ) a n d H C O - 2 1 9 8 ( 5， - T A A A C T 
T C A G G G T G A C C A A A A A A T C A - 3 ' ) . T h e p r i m e r s o f I T S - 1 u s e d w e r e 
S P - 1 - 5 ' 1 3 8 ( 5 ' C A C A C C G C C C G T C G C - 3 ' ) a n d S P - l o ' ( 5 ' - A T T T A G C T G C G G 
T C T T C A T C - 3 ' ) . A m p l i f i c a t i o n w a s carried o u t in a P r o g r a m m a b l e T h e r m a l 
C o n t r o l l e r ( M o d e l : P T C - 1 0 0 , M J R e s e a r c h Inc.). T h e c y c l i n g p a r a m e t e r s i n c l u d e d : 
9 0 s e c o n d s at 9 4 4 5 c y c l e s o f 5 m i n s at 9 6 2 m i n s at 4 5 ° C a n d 3 m i n s at 7 2 ° C , 
a n d finally stored at until use. 5 ul aliquots o f the amplification p r o d u c t s w e r e 
aiialvzed b v a g a r o s e sel electrophoresis ( 1 . 5 % ) a n d e l e c t r o p h o r s e d at 7 0 - 8 0 V for 
2 5 - 3 0 m i n to c h e c k amplification efficiency. T h e Q I A a m p G e l extraction K i t 
( Q I A G E N Cat. N o . 2 8 7 0 4 ) w a s u s e d for purification o f P G R p r o d u c t s . Purified 
d o u b l e - s t r a n d P G R p r o d u c t s w e r e s e q u e n c e d u s i n g D y e T e r m i o n a t o r C y c l e 
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S e q u e n c i n g R e a d y R e a c t i o n K i t ( A B I P R I S M , P e r k i n - E l m e r . Part. N o . 4 0 2 0 7 9 ) a n d 
a n a l y z e d o n a n A B I 3 1 0 G e n e t i c A n a l y s e r . T w o c y c l e - s e q u e n c i n g reactions, o n e for 
e a c h p r i m e r , w e r e d o n e for e a c h t e m p l a t e , s o that D N A w a s s e q u e n c e d f r o m b o t h 
direction for e a c h individual. R a w s e q u e n c e s t a k e n f r o m A B I P R I S M 3 1 0 G e n e t i c 
A n a l y z e r w e r e s u b j e c t e d to a p p r o p r i a t e treatment. T h i s i n c l u d e d a l i g n m e n t o f the 
c o m p l e m e n t a r y strands o f the g e n e f r o m the s a m e individual a n d e y e i n s p e c t i o n o f the 
c h r o m a t o g r a m s w i t h the aid o f s o f t w a r e ( A B I S e q E d v. 1.0.3) to edit t h o s e a p p a r e n t l y 
m i s c a l l e d b a s e s . 
4.4 Results 
P G R results w e r e d e t e r m i n e d b y electrophoresis o f the a m p l i f i c a t i o n p r o d u c t s o n 
a 1.5 % a g a r o s e gel (Fig. 4.1). D i r e c t s e q u e n c i n g o f P G R p r o d u c t s w a s d o n e for 3 
individuals f r o m e a c h p o p u l a t i o n collected in coastal w a t e r outside the C h a n g j i a n g 
m o u t h a n d off n o r t h e r n T a i w a n . T h e C O I s e q u e n c e o b t a i n e d f r o m s e q u e n c i n g o f 
P C R p r o d u c t s f r o m individuals collected in coastal w a t e r outside the C h a n g j i a n g 
m o u t h a n d o f f n o r t h e r n T a i w a n are g i v e n in Fig. 4.2. A total o f 5 9 0 b p o f C O I w e r e 
o b t a i n e d . T h e r e w e r e n o differences in nucleotide b a s e s e q u e n c e s b e t w e e n the 
p o p u l a t i o n s o f Calanus sinicus f r o m C h a n g j i a n g m o u t h a n d n o r t h e r n T a i w a n . T h e 
result constituted a 1 0 0 % s e q u e n c e identity for this g e n e . T h e s e q u e n c e s b e t w e e n 
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i n d i v i d u a l s f r o m t h e s a m e l o c a t i o n are also 1 0 0 % identical. N u c l e o t i d e b a s e 
s e q u e n c e s for a 4 7 4 b p r e g i o n o f t h e I T S - 1 w e r e also d e t e r m i n e d for t h e p o p u l a t i o n s 
o f Calanus sinicus f r o m t h e t w o s t u d i e d arrears (Fig. 4.3). C o m p l e t e I T S - 1 s e q u e n c e 
identity w a s f o u n d b e t w e e n t h e t w o p o p u l a t i o n s . S i m i l a r to C O I , t h e r e w a s also n o 
w i t h i n s a m p l e v a r i a t i o n (i.e. n o b a s e d i f f e r e n c e s a m o n g t h e t h r e e i n d i v i d u a l s 
s e q u e n c e d f o r e a c h location). 
4.5 Discussion 
Q u e s t i o n s c o n c e r n i n g g e n e t i c partitioning o f w i d e l y distributed p l a n k t o n i c 
s p e c i e s a r e interesting a n d i m p o r t a n t for b i o l o g i c a l o c e a n o g r a p h e r s . G e n e t i c 
differentiation m a y result f r o m r e p r o d u c t i v e isolation. F o r b o t h C O I a n d I T S - 1 , 
t h e r e w e r e n o d i f f e r e n c e s in n u c l e o t i d e b a s e s e q u e n c e s b e t w e e n p o p u l a t i o n s o f 
Calami sinicus, i n d i c a t i n g a 1 0 0 % s e q u e n c e identity for this g e n e . T h e result m e a n s 
that t h e s p e c i e s r a n g e d o e s n o t e x c e e d the dispersal capabilities o f t h e a v e r a g e 
i n d i v i d u a l a n d p o p u l a t i o n s o f C. sinicus m a y n o t b e r e p r o d u c t i v e l y isolated b y 
distance. I n w i n t e r， t h e Z h e j i a n g - F u j i a n l o n g s h o r e c u r r e n t s f l o w a l o n g the 
G u a n g d o n g a n d F u j i a n c o a s t f r o m N E to S W , c a r r y i n g s p e c i e s a s C . sinicus f r o m the 
E a s t C h i n a S e a a n d t h e Y e l l o w S e a into t h e S o u t h C h i n a S e a . G e n e t i c e x c h a n g e m a y 
o c c u r b e t w e e n a d j a c e n t p o p u l a t i o n s . C . sinicus p o p u l a t i o n s in t h e o c e a n s o f 
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s o u t h e r n C h i n a are p r o b a b l y d e r i v e d f o r m p o p u l a t i o n s in the Y e l l o w S e a a n d the E a s t 
C h i n a S e a . 
M i t o c h o n d r i a l g e n e s , w h i c h are clonally (matrilineally) inherited, m a y b e u s e f u l 
descriptors o f p o p u l a t i o n genetic structure o f p l a n k t o n , since b o t h o c e a n m i x i n g a n d 
r e c o m b i n a t i o n d u r i n g s e x u a l r e p r o d u c t i o n m a y erase e v i d e n c e o f structure b a s e d o n 
f r e q u e n t l y d i f f e r e n c e s o f n u c l e a r m a r k e r s . 
T o s o l v e q u e s t i o n s a b o u t genetic partitioning o f w i d e l y distributed p l a n k t o n i c 
species, s e q u e n c i n g o f additional, m o r e variable p o r t i o n s o f the g e n e o m e m a y b e 
required. 
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M 3 4 6 7 
• 
6 0 0 b p ~ ~ • 
1 0 0 b p ~ ~ • 
Fig. 4.1 G e l p h o t o s h o w i n g P G R p r o d u c t s for individual Calanus sinicus. L a n e M : 1 0 0 - b p 
m o l e c u l a r m a r k e r ; lane 3 二 P G R p r o d u c t s o f C O I collected outside the C h a n g ] i a n g R i v e r 
m o u t h ; l a n e 4 二 P C R p r o d u c t s o f C O I collected o f f n o r t h e r n T a i w a n ; l a n e 6 = P G R p r o d u c t s o f 
I T S - 1 collected outside the C h a n g j i a n g R i v e r m o u t h ; lane 7 = P C R p r o d u c t s o f I T S - 1 collected 
f r o m n o r t h e r n T a i w a n . P C R p r o d u c t s o f C O I for Calanus sinicus are larger a n d m i g r a t e less far 
c o m p a r e d to p r o d u c t s o f I T S - 1 . 
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Ca/aA7«^_Changjiang GGGCATATTC TGGAATAATC GGAACGGGGT TGAGTATAAT TATTCGATTA 
Ca/(3/7W5_Tai wan  
Ca/a/2i/^_Chang)iang GAGTTAGGTC AAGCTGGCTC TCTAATTGGA GATGATCAGA TTTATAATGT 
Taiwan  
Ca/a^7i/^_Chanaiang GGTAGTCACT GCTCACGCCT TCATTATAAT TTTTTTTATA GTTATACCTA 
Ca/a/7W5_Taiwan  
Ca/anw5_Changjiang TTCTGATTGG AGGGTTCGGT AACTGATTAG TGCCTTTAAT ATTGGGGGCG 
Ca/a77W5_Taiwan  
Ca/a«w5_Changjiang GCAGATATGG TGCCTTTAAT ATTGGGGGCG GCAGATATGG CATTCCCCCG 
Ca/(3nw5_Taiwan  
Ca/anu5_Chanaiang TATAAACAAT ATAAGCTTTT TGTCAAGGTC TTTAGTGGAG GGGGGAGCGG 
Ca/a«w^_Taiwan      
Ca/a 仰 s—Changjiang GCACGGGTTG AACGGTGTAC CCGCCCCTCT CAAGTAATAT TGCCCATGCT 
Ca/a«w^_Taiwan  
Ca/ani^j—Chan^iang GGGGCTTCAG TGGATTTTGC AATTTTCTCC CTACATTTGG CCGGGGTTAG 
Ca/<3«wjr_Taiwan    
Ca/a/mS-Cha 咽 iang TTCAATTTTA GGTGCGGTGA ATTTCATCAG CACTTTAGGT AATTTACGAG 
Ca/anw5_Taiwan  
Ca/fl 仰•s_Chanaiang TATTTGGAAT ATTACTAGAC CGGATACCCC TATTTGCCTG GTCGGTATTA 
Ca/a«w^_Taiwan  
Ca—uj_Changjiang ATTACCGCAG CAGGGGCCAT TACAATACTA TTAACAGATC GTAACCTGAA 
Calanus JldAVjon 
Calanus_Ch^ng^x2.ng CACCACATTT TATGATGTGG GGGGAGGAGG AGATCCTATT 
Ca/anwj_Taiwan  
F i g . 4 . 2 S e q u e n c e d a t a for a 6 4 0 b a s e pair r e g i o n o f t h e m i t o c h o n d r i a l g e n e 
[ c y t o c h r o m e o x i d a s e I ( C O I ) ] for Calanus sinicus collected in coastal w a t e r s o u t s i d e 
t h e C h a n g j i a n g R i v e r m o u t h a n d o f f n o r t h e r n tip o f T a i w a n . 
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Chapter 5 Conclusion 
Calanus sinicus s h o w e d clear s e a s o n a l pattern o f o c c u r r e n c e o f f t h e n o r t h e r n tip 
o f T a i w a n a n d o u t s i d e the P o r t Shelter in H o n g K o n g . C.sinicus w a s m o s t a b u n d a n t 
in t h e w i n t e r m o n t h s f r o m N o v e m b e r to D e c e m b e r , a n d rare d u r i n g the s u m m e r 
m o n t h s f r o m M a y to J u l y in w a t e r s to the n o r t h o f T a i w a n . M a x i m u m densities o f 
a d u l t m a l e s a n d f e m a l e s w e r e f o u n d in D e c e m b e r 2 0 0 0 a n d 2 0 0 1 . T h e n u m b e r s o f 
C I V a n d C V also p e a k e d at t h e s e times, w h i l e the densities o f all the earlier 
c o p e p o d i t e s t a g e s p e a k e d in the s u m m e r m o n t h s . C . sinicus o c c u r r e d o n l y in 
J a n u a r y a n d F e b r u a r y 2 0 0 1 in P o r t shelter, H o n g K o n g , a n d w e r e a b s e n t in the other 
parts o f t h e year. T h e J a n u a r y a n d F e b r u a r y p e a k s w e r e c o m p o s e d o f C V , adult 
m a l e s a n d a d u l t f e m a l e s only. Y o u n g e r c o p e p o d i t e stages w e r e n o t r e c o r d e d . 
In m o r e o p e n w a t e r s (eg. C 5 0 0 0 ) to the n o r t h o f T a i w a n , the m a j o r i t y o f the 
p o p u l a t i o n r e s i d e d in layers d e e p e r t h a n 6 0 m in s u m m e r , w h e r e w a t e r t e m p e r a t u r e 
w a s l o w . S i n c e the s t u d y sites in H o n g K o n g are limited to s h a l l o w areas, therefore, 
p o p u l a t i o n o f C. sinicus c o u l d n o t sink to colder, d e e p e r layer w h e n surface w a t e r s 
b e g a n to w a r m . 
In F e b r u a r y , the center o f the C. sinicus p o p u l a t i o n s e e m e d to m o v e to the m o r e 
s o u t h e r n e n d o f the species r a n g e in the n o r t h e r n part o f the S o u t h C h i n a S e a . It is 
b e c a u s e in the w i n t e r N E m o n s o o n period, part o f the E a s t C h i n a S e a l o n g s h o r e 
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c u r r e n t e n t e r s t h e S o u t h C h i n a S e a t h r o u g h the T a i w a n Strait. In addition, the w i n t e r 
c o m e s earlier in coastal w a t e r s o f f n o r t h e r n T a i w a n t h a n in H o n g K o n g . 
T h e largest i n d i v i d u a l s o f Calanus sinicus w e r e f o u n d in the w i n t e r m o n t h s a n d 
t h e s m a l l e s t o n e s w e r e collected m a i n l y in the s u m m e r m o n t h s , indicating a n inverse 
relationship b e t w e e n p r o s o m e l e n g t h a n d w a t e r t e m p e r a t u r e . 
S i n c e t h e coastal w a t e r s o f f the n o r t h e r n tip o f T a i w a n h a d greater s e a s o n a l 
variations in e n v i r o n m e n t a l conditions, there w e r e s e a s o n a l variations in t h e diel 
vertical m i g r a t i o n a n d g u t p i g m e n t r h y t h m in C. sinicus. N o diel vertical m i g r a t i o n 
w a s o b s e r v e d for b o t h adults a n d c o p e p o d i t e s stages at station C 5 0 0 in April. 
D u r i n g t h e A p r i l s t u d y at station C 5 0 0 0 , C I w a s least a b u n d a n t a n d the a b u n d a n c e 
i n c r e a s e d p r o g r e s s i v e l y w i t h stages a m o n g c o p e p o d i t e s stages. M o s t o f C I I I w e r e 
restricted to the u p p e r layers t h r o u g h o u t b o t h d a y a n d night. C I V w e r e distributed 
t h r o u g h o u t the w a t e r c o l u m n , a n d did n o t exhibit strong diel vertical m i g r a t i o n . C V 
w e r e also distributed t h r o u g h o u t the w h o l e w a t e r c o l u m n b u t e x h i b i t e d diel vertical 
m i g r a t i o n . A d u l t f e m a l e s a n d m a l e s exhibited c o m p l e t e l y different b e h a v i o r s . 
F e m a l e s w e r e distributed t h r o u g h o u t the w a t e r c o l u m n , a n d e x h i b i t e d s t r o n g diel 
vertical m i g r a t i o n . In contrast, n o diel vertical m i g r a t i o n w a s o b s e r v e d for m a l e s . 
T h e selective a d v a n t a g e o f diel vertical m i g r a t i o n in late c o p e p o d i t e s a n d adult 
f e m a l e s o f C. sinicus in A p r i l is the r e d u c t i o n o f mortality b y predation. T h e r e w e r e 
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t w o p e a k s o f g u t p i g m e n t at station C 5 0 0 0 in b o t h adults a n d c o p e p o d i t e s o v e r 2 4 h. 
O n e p e a k w a s o b s e r v e d at 1 2 0 0 hrs o n A p r i l 1 0 a n d a n o t h e r p e a k w a s r e c o r d e d at 
0 0 0 0 h r s o n A p r i l 11. 
In D e c e m b e r , n o diel vertical m i g r a t i o n w a s o b s e r v e d for b o t h adults a n d 
c o p e p o d i t e s s t a g e s at station C 5 0 0 . D u r i n g the D e c e m b e r s t u d y at station C 5 0 0 0 , 
t h e p o p u l a t i o n s o f C I a n d C I I w e r e also v e r y small. M o s t o f C I I I w e r e c o n c e n t r a t e d 
in t h e u p p e r 4 0 m d u r i n g the w h o l e d a y . C I V , C V a n d adult f e m a l e s o c c u r r e d in the 
p h y t o p l a n k t o n rich u p p e r layer. It a p p e a r s that w h e n f o o d availability is l o w a n d 
c o m p e t i t i o n for f o o d is h i g h , the c o p e p o d s m a y m o d i f y their m i g r a t i o n b e h a v i o r b y 
r e m a i n i n g in t h e relatively food-rich surface w a t e r s . N o diel vertical m i g r a t i o n w a s 
o b s e r v e d for m a l e s . A t station C 5 0 0 0 , adults a n d c o p e p o d i t e s e x h i b i t e d o n e g u t 
p i g m e n t p e a k o v e r 2 4 h, in the surface w a t e r at 1 2 0 0 h r s o n D e c e m b e r 5. 
C o m p l e t e C O I a n d I T S - 1 s e q u e n c e identity w a s f o u n d b e t w e e n the p o p u l a t i o n s 
o f Calanus sinicus in coastal w a t e r outside the C h a n g j i a n g R i v e r m o u t h a n d o f f 
n o r t h e r n T a i w a n . T h i s result c o n f i r m e d that the Z h e j i a n g - F u j i a n l o n g s h o r e currents 
carry C . sinicus f r o m the E a s t c h i n a S e a into the S o u t h C h i n a S e a d u r i n g the winter. 
H e n c e , C. sinicus p o p u l a t i o n s in the o c e a n s o f s o u t h e r n C h i n a are b e l i e v e d to b e 
d e r i v e d f o r m p o p u l a t i o n s in the Y e l l o w S e a a n d the E a s t C h i n a S e a . 
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